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Non-point source pollution from agricultural areas can lead to the degradation of 
downstream water bodies, including eutrophication and harmful algal blooms, due to 
high concentrations of nitrogen (N) and phosphorus (P) emanating from these areas. One 
source of agricultural runoff that is often overlooked, originates from agricultural 
production areas, which have impervious surfaces, such as paved and compacted areas, 
barnyards, cow paths, and silage bunker storage; these areas generate stormwater runoff 
and contribute to pollution during storm events.  
 
This research evaluates two built stormwater runoff treatment systems designed 
to treat high concentrations of nutrients in runoff from a dairy farm. The first chapter 
provides a review of literature related to agricultural runoff and the ecologically designed 
solutions we propose: bioretention cells and denitrifying woodchip bioreactors. The 
second chapter assesses the performance of three bioretention cells for their ability to 
reduce N and P from dairy farm production area runoff. During two years of monitoring 
the established system, we evaluate the effects of two treatments across the three 
bioretention cells: a vegetation treatment using Switchgrass (Panicum virgatum) and a 
soil amendment treatment using low-phosphorus compost (derived from leaf litter). In 
the second year, we modified the bioretention cell hydrology to create an internal storage 
zone and increase the hydraulic retention time targeting improved nitrate (NO3--N) 
removal. Our results indicate that for bioretention designs in a similar context, we 
recommend planting with vegetation, which in both years had significantly lower NO3--
N effluent concentrations compared to the design without vegetation. We suggest 
excluding compost due to nutrient leaching, especially in nutrient-sensitive areas, or 
using low-P compost if required for water holding capacity in the soil media. 
 
The third chapter evaluates components of a novel system to treat runoff from 
silage bunkers, consisting of pre-treatment tanks with a moving bed biofilm reactor 
(MBBR) and paired denitrifying woodchip bioreactors. The system was designed to 
reduce nutrient concentrations and mass loads. While overall the system effectively 
reduced N and P concentrations and mass loads, very low NO3--N concentrations in the 
silage bunker runoff entered the bioreactors, which may have inhibited denitrification 
performance. Other pre-treatment options should be considered prior to runoff entering 
the bioreactor so N is in the form of NO3-. In other water quality contexts, where N is 
already in the form of NO3-, this combined MBBR and woodchip bioreactor system may 
also offer a promising solution. 
 
 




Material from this thesis has been published in the following form: 
 
Sarazen, J.C., Faulkner, J.W., Hurley, S.E.. (2020). Evaluation of nitrogen and 
phosphorus removal from a denitrifying woodchip bioreactor treatment system receiving 
silage bunker runoff. Applied Sciences, 10, 4789. 
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CHAPTER ONE: COMPREHENSIVE LITERATURE REVIEW 
1.1 Introduction 
1.1.1 Agricultural Runoff 
Storm-driven runoff from agricultural areas has been well documented to lead to 
the degradation of downstream water bodies, due to the transport of nitrogen (N) and 
phosphorus (P) (Carpenter et al., 1998; Parris, 2011). Development, like agriculture, 
impacts hydrologic processes such as runoff, infiltration, and groundwater recharge 
(DeFries and Eshleman, 2004). This is seen at dairy farm production areas, where 
stormwater runoff has been identified to originate from barns, animal holding areas, 
silage storage, and paved areas (Edwards et al., 2008). Runoff from these areas can 
contain suspended solids, pathogens, manure, fertilizer, and much higher concentrations 
of nutrients compared to urban runoff (Carpenter et al., 1998; Parris, 2011). Through the 
movement of storm-driven runoff, these harmful pollutants are discharged into 
downstream water bodies and can lead to problems with water quality and quantity, as 
described below. Consequently, agriculture is the leading source of impairment 
nationwide for rivers and streams, and the third for lakes, ponds, and reservoirs (US EPA 
2009). 
1.1.2 Water Quality Concerns 
Stormwater runoff from dairy production areas may contain bacterial pathogens, 
sediments, metabolic substrates (e.g., labile organic carbon), and pesticides (Edwards et 
al., 2008). While these agricultural pollutants that are well documented to impact water 
resources, this section of the thesis will focus on nutrient pollutants, nitrogen (N) and 
phosphorus (P). Both N and P have the dual nature of being agricultural resources and 
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potential harmful pollutants in aquatic ecosystems (Sutton et al., 2011; Elser and Bennett, 
2011). They are limiting nutrients required by autotrophs for the production of organic 
material. Nitrogen is generally the limiting nutrient for marine bodies of water, while P 
is considered to be the limiting nutrient in freshwater ecosystems, hence, the discharge 
of both N and P into sensitive water bodies should be managed (Howarth and Marino, 
2006). As N and P from urban and agricultural sources are transported via runoff into 
streams, rivers, lakes, and oceans it leads to an excess of nutrients in the water, causing 
eutrophication and excess photosynthetic growth (Lund, 1967). Consequences of 
eutrophication in marine and freshwater systems include: phytoplankton and 
zooplankton growth, harmful and sometimes toxic algal blooms of cyanobacteria (blue-
green algae), fish kills from lack of oxygen, taste and odor problems in the water, and 
decreased aesthetic value of the water body (Carpenter et al., 1998). Consequently, 
eutrophication in water bodies is currently a global water quality challenge and projected 
to increase in the future (David et al., 2001; Nazari-Sharabian et al., 2018). 
1.1.3 Water Quantity Concerns 
During storm events, rain that falls on impervious surfaces, like pavement and 
rooftops is unable to infiltrate into the ground (Jacobson, 2011). This increases surface 
runoff volumes and peak flow rates, and leads to variable responses in rivers (Schneider, 
1975). In developed areas, municipalities have typically used grey infrastructure, such as 
storm drains, pipes, and culverts, to manage stormwater. These systems are designed to 
rapidly convey runoff from the landscape through underground pipes. Little of the runoff 
is able to infiltrate into native soils, or recharge groundwater (Niemczynowicz, 2003). 
From conventional pipe systems, stormwater can be directly discharged untreated into a 
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water body, which can cause streambank erosion and decrease channel stabilization (Paul 
and Meyer, 2009; Gellis et al., 2017). In other areas, stormwater is sent to wastewater 
treatment plants. During high volume storm events, a large burden is placed on these 
systems, which in some municipalities can result in combined sewer overflows (CSOs) 
and the release of partially untreated wastewater into water bodies. Agricultural areas are 
not considered urban or developed, but many of the same hydrologic concerns exist on a 
local scale in agricultural production areas with large areas of pavement, rooftops, and 
compacted surfaces. New solutions are needed to deal with these challenges. 
1.1.4 Lake Champlain Water Quality 
An example of a water body impacted by runoff from agricultural areas, is Lake 
Champlain, the sixth largest freshwater body in the United States, bordering Vermont, 
New York, and Quebec, Canada. As an important natural, recreational, and cultural 
resource, a major challenge facing management of this water body is the increase of 
eutrophication and harmful algal bloom events in the summer months, due to runoff from 
land uses in the basin and internal nutrient loading. The US EPA has identified P as the 
pollutant of concern causing impairment of Lake Champlain. The largest overall 
contributor of pollution of P originates from agricultural sources in Vermont (US EPA 
2016). However, this varies by individual watersheds; as streambank erosion, developed 
land, and forests are also contributors of P (US EPA 2016). In Vermont, the dairy 
industry, and its related product processing, is the largest agricultural type in the state 
based on receipts (“Report and Recommendations of the Vermont Milk Commission to 
the Vermont Legislature,” 2019). To address this issue, in 2016 the US EPA released a 
Total Maximum Daily Load (TMDL) limit for P entering Lake Champlain. 
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1.1.5 Climate Change Impacts and Predictions for the Northeastern US 
In recent decades, annual precipitation in the Lake Champlain Basin has 
increased, and that trend is projected to continue due to the effects of Climate Change 
(Guilbert et al., 2014). The Northeast region of the U.S. has seen more extreme 
precipitation events than the rest of the country, which has occurred during the warm 
season (Guilbert et al., 2014). In 2011, during both spring floods and late-summer 
Tropical Storm Irene, impacts on agriculture included erosion, damage to buildings and 
production areas, floodwater contaminating silage feedstocks, and increased P loading 
to Lake Champlain (Lake Champlain Basin Program, 2013). Due to lessons learned 
from these events, it is recommended that farmers receive support and technologies from 
agencies to mitigate the effects of intense precipitation and flooding on their farms in 
order to reduce transport of nutrients via increased runoff quantities (Lake Champlain 
Basin Program, 2013). 
1.1.6 Dairy Farm Stormwater Runoff Projects 
In order to provide recommendations for reducing impacts of agricultural 
stormwater runoff, this master’s research work evaluates two novel runoff treatment 
technologies designed to minimize P and N loads emanating from dairy farm production 
areas. Two research projects are located on the University of Vermont Paul R. Miller 
Research Complex in South Burlington, VT. Chapter Two will examine a bioretention 
experiment in which stormwater collected from farm roads, parking lots, rooftops, and a 
lawn is sent to three bioretention cells; the experiment is designed to evaluate effects of 
hydraulic retention time (HRT), low-P compost, and vegetation on effluent water quality. 
Chapter Three will discuss the monitoring of a treatment system receiving silage bunker 
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runoff, in which runoff from silage bunkers flows through a series of pre-treatment tanks 
with a “moving bed biofilm reactor” before infiltrating through a denitrifying woodchip 
bioreactor. Related literature for both projects will first be presented in Chapter One, 
beginning with literature related to bioretention cells receiving dairy farm production 
area runoff, followed by literature related to runoff from silage storage bunkers and 
woodchip bioreactor treatment systems. 
 
1.2 Bioretention Cell Technology 
1.2.1 Green Stormwater Infrastructure 
Given the challenges posed by water quality and quantity in developed areas, it 
can become a unique design opportunity to integrate natural processes within the built 
environment. Green stormwater infrastructure (GSI) offers promising alternatives to 
conventional practices for managing stormwater runoff. GSI falls under the category of 
low impact development (LID) where the goal is to restore pre-development hydrology 
and ecosystem function to a site (Dietz, 2007). Origins of these ideas came from Prince 
George’s County, MD in the 1990s (Prince George’s County 1993). Currently GSI 
practices include permeable pavement, rain barrels, constructed wetlands, vegetated 
swales, green roofs, and bioretention (Dhakal and Chevalier, 2016). 
1.2.2 Bioretention 
A commonly used form of GSI is bioretention, also referred to as biofilters or 
raingardens, which have been effectively used for stormwater management in developed 
areas since the early 1990s. They are constructed depressions in the ground designed to 
capture and attenuate runoff from a specific drainage area. They are filled with a substrate 
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mixture generally consisting of small stones or gravel, sand, engineered soil media, 
organic material, and planted vegetation. There is typically an inflow, area for pooling, 
an underdrain, outflow, and overflow area (Davis et al. 2009; Roy-Poirier et al. 2010). 
Bioretention provides many ecosystem services, benefiting both humans and ecosystem 
health (Tzoulas et al., 2007). Hydrologic and water quantity improvements in these 
systems include: minimizing peak flow and runoff volume (Li et al., 2009), reducing 
storm flow to similar quantities as seen in non-urban watersheds (DeBusk et al., 2011), 
promoting infiltration (Emerson and Traver, 2008), and evapotranspiration (DeBusk et 
al., 2011). Bioretention systems rely on physical, chemical, and biological filtration 
processes for water quality improvement (Roy-Poirier et al., 2010; Shrestha et al., 2018). 
They have been found to filter sediments (Dagenais et al., 2018), remove heavy metals 
(Hatt et al., 2007; Blecken et al., 2009), filter pathogens (Passeport et al., 2009), reduce 
stormwater volumes in wastewater treatment systems using combined sewer overflows 
(CSOs) (Talebi and Pitt, 2019), and remove nutrients from stormwater (Davis, 2007; 
Houdeshel et al., 2015; Li and Davis, 2016a; Shrestha et al., 2018). 
While these benefits of bioretention for stormwater management in developed 
areas have been well established, there is still a need to evaluate certain design criteria in 
various settings, to inform science-based standards for implementation (Hunt et al., 
2012). In many areas, bioretention designs are required to meet certain hydrologic 
targets, like mitigation of peak flow and volume reductions (Hunt et al., 2012). For water 
quality, pollutant removal depends pollutants of concern, and on the location and 
drainage connectivity to sensitive water bodies, such as areas that have total maximum 
daily load (TMDL) requirements (Hunt et al., 2012). It is recommended that designs for 
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water quantity and water quality targets should be viewed as complementary; for 
example, reducing outflow volume can also help to decrease loads of N (Hunt et al., 
2006; Li and Davis, 2009). While GSI best management practices (BMPs) are commonly 
implemented in urban and suburban areas, little research has been done to utilize 
modified bioretention systems to treat agricultural runoff, which contributes significantly 
to degrading water quality (Dietz, 2016). 
1.2.3 Nitrogen Removal in Bioretention 
Using bioretention for removal of reactive N from stormwater runoff can be 
difficult due to complex biogeochemical reactions that occur under both oxidizing and 
reducing conditions (Davis et al., 2006). Species of N in stormwater runoff are inorganic 
ammonium (NH4+), nitrite (NO2-), nitrate (NO3-), and dissolved and particulate organic 
N (e.g., urea, proteins, amino acids). In bioretention systems, adsorption, assimilation, 
and denitrification are the pathways for N transformations and removal (Collins et al., 
2010). Incoming organic N can be adsorbed to organic matter, typically in the top layers 
of the soil profile (Davis et al., 2006) and then mineralized to ammonium (NH4+) (Kadlec 
and Knight 1995). Ammonium, a cation, can be adsorbed to soil media particles due to 
cation exchange capacity. Both NH4+ and NO3- can be assimilated and/or immobilized 
into plant and microbial biomass (Marschner 1995). Through the two-step process of 
nitrification, nitrifying bacteria convert NH4+ to NO2- to NO3- under aerobic conditions, 
where O2 is an electron acceptor. Finally, denitrification occurs under anaerobic 
conditions by denitrifying bacteria. In this biochemical process, NO3- is the electron 
acceptor, and inert dinitrogen gas (N2) or nitrous oxide (N2O) are products. Nitrous oxide 
is a very potent greenhouse gas, resulting from incomplete denitrification to N2 
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(Galloway et al., 2006). Human activity has greatly altered the N cycle by synthetically 
fixing N2 for use in agriculture and these sources now add as much fixed N to terrestrial 
ecosystems as the combination of all natural N-fixing sources (Vitousek et al., 1997). 
Bioretention systems designed for N removal can be used in an effort to reduce the export 
of NH4+ and NO3- in stormwater runoff (Kim et al., 2003; Payne et al., 2014). 
Bioretention field and lab studies have found moderate success for removal of 
TN and NH4+, but sometimes find a net export of NO3- (Davis et al., 2009; Roy-Poirier 
et al., 2010). Davis (2007) compared soil media treatments across two parallel 
bioretention cells receiving runoff from a parking lot. Concentrations of NH4+ and TN 
increased in the effluent, but annual mass loads were reduced by the bioretention cells 
due to attenuation of runoff in the media, which sometimes produced no outflow (Davis, 
2007). As an anion, NO3- does not sorb well to soil particles and is therefore very mobile 
in solution (Davis et al., 2009). Nitrification of NH4+ may occur between storm events 
causing a leaching of NO3- during a subsequent storm event (Davis et al., 2006; Lucas 
and Greenway, 2008). However, if there is carbon substrate present, anaerobic conditions 
and low redox potential, there is also potential for dentification to occur between storm 
events, and thus removing NO3- (Lucas and Greenway, 2008).  
Optimizing systems to target N removal is a critical area of the current research; 
prior authors have suggested that more work should to be done to evaluate bioretention 
designs for N removal in different settings (Taylor et al., 2005; Collins et al., 2010; Payne 
et al., 2014). Due to the challenges with leaching of N species in bioretention outflow in 
traditional designs, engineered modifications to bioretention configurations are needed 
(Kim et al., 2003). Several design features have been evaluated by researchers in order 
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to optimize NO3- removal. These include internal water storage zones, use of fine-
textured soil media, an added carbon source, and vegetation with high N uptake rates 
(Collins et al., 2010). These design characteristics have enhanced N removal in 
bioretention in some settings, as described below. Additionally, most of these designs 
have been applied to urban settings, with relatively low influent TN concentrations < 2 
mg L-1, whereas less work has been done in agricultural settings where runoff contains 
much higher nutrient concentrations (Dietz, 2016). The following sections will discuss 
the benefits and disadvantages of each of these features and the potential to treat 
agricultural runoff. 
1.2.4 Internal Storage Zone 
One recommendation for enhancing NO3- removal by bioretention systems is 
through the use of internal storage zone (ISZ), also referred to as internal water storage 
(IWS) or saturated zones (SZ), which can provide sustained anaerobic conditions in the 
bioretention cell for denitrification (Kim et al., 2003). An ISZ is a saturated media layer 
located at the bottom of a bioretention cell profile, which is created by positioning an 
outflow pipe a certain distance above the bottom (Error! Reference source not found.). 
This allows for longer HRT and slower drainage from the cell, which can encourage 
conditions for denitrification (Collins et al., 2010). This design feature has been evaluated 
in laboratory settings, by Zinger et al. (2013) where ISZs were retrofitted on established 
bioretention columns. This study evaluated treatments of three planted species and found 
NO3- removal improved significantly for species that were not performing well for NO3- 
removal prior to the retrofit. These results suggest that it might be worthwhile to retrofit 
established bioretention cells in the field with an ISZ where poor NO3- removal is 
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observed or if located in drainage areas impacting N-sensitive water bodies (Zinger et 
al., 2013). 
 
Figure 1: Cross sectional diagram of a bioretention cell 
profile with an internal storage zone (ISZ) for 
denitrification. 
 
Although promising NO3- reductions have been shown in laboratory bioretention column 
studies with ISZs, the function of this design element in the field has only found moderate 
success. Passeport et al. (2009) evaluated two grassed bioretention cells with ISZs where 
one cell had loamy clay native sand and the other cell had sandy loam. They found 
significant NO3- removal rates based on EMCs during the spring and summer, but under 
cooler conditions the retention time was insufficient for NO3- removal. The authors 
concluded that the loamy clay soil retained longer saturated conditions, suggesting that 
surrounding soils can impact performance (Passeport et al., 2009). Cording et al. (2018) 
evaluated eight roadside bioretention cells in a paired study that had different hydraulic, 
vegetation, and soil treatments with elevated underdrains, that were approximately 5.08 
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cm higher than the bottom of lined cells and showed varying results for NO3- removal. 
In a cell that had a treatment for increased precipitation under climate change predictions, 
91% NO3- removal was observed. The authors attributed this to longer persisting 
anaerobic conditions from the additional runoff compared to the control cell (Cording et 
al., 2018). In an agricultural setting, a bioretention cell with an ISZ created from an 
elevated outlet pipe was able to decrease TN concentrations in the effluent; however, 
NO3- was not measured (Dietz, 2016).  
Several studies have compared the presence of an ISZ in pairs of bioretention 
cells. Dietz and Clausen (2006) compared two side-by-side bioretention cells receiving 
rooftop runoff with the saturated zone as a treatment in one cell. An elevated underdrain 
creating an ISZ was found to significantly reduce concentrations of NO3--N, NH4+-N, 
and TN in the outflow compared to inflow. During high flow events, a volume reduction 
was also observed due to water leaching into surrounding soils. Inflow concentrations 
were lower in N compared to other runoff sources, so these findings might not apply to 
sites with higher nutrient loads (Dietz and Clausen, 2006). Compared to a cell with no 
ISZ, a bioretention cell studied by Li et al. (2009) provided several hydrologic benefits, 
including reduced peak flow due to the amount of storage available in the cell.  
Internal storage zones have been shown to reduce nutrient removal, i.e., cause 
leaching in the outflow. Hunt et al. (2006) evaluated bioretention cells in North Carolina, 
one with a conventional underdrain and the other with an upturned elbow pipe creating 
an ISZ. Authors found significant increases in concentrations of measured constituents 
for TKN, NH4+, TP, and ortho-P between the inflow and outflow of both configurations. 
Decreases in NO3- were not significant in either configuration. Therefore, the effect of 
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the ISZ was indeterminable (Hunt et al., 2006). The discrepancy in NO3- removal results 
obtained from studies of ISZ performance in bioretention cells suggest that more field-
based work evaluating this design feature is needed. 
1.2.5 Hydraulic Retention Time 
Dentification occurs when anoxic conditions persist in a system, and therefore 
rates of denitrification have been shown to increase with longer retention time (Kadlec 
and Knight 1996). This can be applied to designs of bioretention cells (Lucas and 
Greenway, 2011a). It is thought that there may be a critical HRT threshold during and 
after a storm event that is needed for denitrification to occur in the system, as long as 
optimal conditions exist (Chen et al., 2013). Those conditions include: slightly alkaline 
pH from 7.5-9 (Glass and Silverstein, 1998), anaerobic conditions, presence of 
denitrifying bacteria, and a source of organic carbon (Chen et al., 2013). Mesocosms 
studied by Lucas and Greenway (2008) had a retention time of 18 h, which they note is 
longer than most field-scale bioretention research installations. This study observed good 
removal rates for TN, NO3- and TP (Lucas and Greenway, 2008). By controlling outlets 
in mesocosm experiments, increasing retention time from an hour or less to several hours 
was shown to increase N removal (Lucas and Greenway, 2011b; a). However, increasing 
retention time in bioretention systems might lead to a trade-off between optimizing N 
removal and volume storage control, which can become limited, so more research to 
evaluate retention time is suggested (Li et al., 2009; Collins et al., 2010). 
1.2.6 Vegetation Choice 
Plant uptake is believed to be an important mechanism for nutrient removal in 
bioretention (Davis et al., 2006; Lucas and Greenway, 2008). Vegetative nutrient uptake 
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is likely important for long term pollutant uptake and maintaining soil structure (Davis 
et al., 2006). In column studies, vegetated designs enhanced performance over 
unvegetated trials (Lucas and Greenway, 2008; Bratieres et al., 2008; Liu et al., 2014). 
For annual loads of nutrients removed, vegetated bioretention mesocosms increased 
nutrient retention over non-vegetated mesocosms, where percent removal was 28-36% 
of applied load of TN, 34-58% of applied NO3-, and 47-97% of applied TP (Lucas and 
Greenway, 2008). Authors attributed this to the presence of a developed soil rhizosphere 
in well-established plant root systems (Lucas and Greenway, 2008). Certain species have 
been found to be well suited for bioretention conditions over other plant choices such as 
those with high nutrient uptake rates and large root biomass (Lucas and Greenway, 2008; 
Bratieres et al., 2008). It is therefore recommended that vegetation is cut down and most 
of the aboveground biomass be cleared from the system at the end of the growing season 
and properly composted or disposed of in order to prevent release of nutrients from their 
accumulated biomass into the soil media upon plant senescence (Davis et al., 2006). 
1.2.7 Soil Media for Nitrogen Removal 
Soil filter media composition is important for N removal in bioretention systems 
(Collins et al., 2010). In a laboratory study, Bratieres et al. (2008) found that columns 
containing sandy loam media and a second design containing a vermiculite/perlite 
mixture showed enhanced nutrient removal performance over columns with organic 
amendments. Based on analysis of different soil media, vegetation, and hydraulic 
treatments, it is recommended that the available nutrient mass in bioretention soil needs 
to be about the same or less than levels that native vegetation and/or what soils can retain, 
to prevent the leaching of nutrients in the effluent (Cording et al., 2018). To target NO3-
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, there may be anaerobic microsites in the soil where small amounts of denitrification can 
occur (Davis et al., 2006). To create enhanced conditions for denitrification, it is 
suggested to use media with higher C:N ratio (Liu et al., 2014), and Hunt et al. (2012) 
specifically recommend using a small amount of organic matter in media mix, but no 
more than 10% of total media volume.  
1.2.8 Phosphorus Removal in Bioretention 
In addition to N, P is a nutrient of concern that when in excess, can lead to 
eutrophication of water bodies (Lund, 1967). Phosphorus cannot be converted to gaseous 
forms like N, so P accumulates in soil media or in plant biomass (Davis et al., 2006). 
Particulate-bound P adsorption can occur through filtration and sedimentation in top 
layers (Hunt et al., 2012), while chemical processes for dissolved P removal includes 
microbial immobilization, plant uptake, and P adsorption in soil media (Li and Davis, 
2016b). However, plant uptake of P is generally only a small amount compared sorption 
processes (Lucas and Greenway, 2008). At pH < 6, dissolved P can form oxides with 
iron (Fe) and aluminum (Al), at pH > 6, calcium (Ca) precipitates predominate (Stumm 
and Morgan 1981). Bioretention studies have reported varying P removal performance 
(Davis et al., 2009). Phosphorus uptake in bioretention is dependent on existing P levels 
in the substrate, as soils with high-P content reach saturation more quickly, which limits 
the ability for further uptake (Roy-Poirier et al., 2010). Engineered soil media, native 
soils high in P, and compost can cause P leaching in bioretention outflows, therefore 
recommendations for the use of low-P soil media (Hunt et al., 2012) and use of low-P 
compost amendments or elimination of compost altogether (Hurley et al., 2017) have 
been suggested in the literature.  
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1.2.9 P Removal Trade-offs in Bioretention 
In addition to soil characteristics that can affect the ability for P sorption 
mentioned above, lengthening retention time to target N removal is thought to be a trade-
off for P removal in the system (Collins et al., 2010). Internal storage zones in 
bioretention cells have been shown to lead to P leaching (Dietz and Clausen, 2006). Total 
P concentrations were higher in outflow than the inflow, but they observed a decay trend 
over the two years of monitoring (Dietz and Clausen, 2006). In another study, retrofitted 
ISZs led to significant increases between inflow and outflow TP concentrations, for 
columns planted with Dianella revoluta (Blueberry lily) and Microlaena stipoides 
(Weeping Grass) (Zinger et al., 2013). Authors hypothesize that the mechanism causing 
leaching may be from remobilization of P from organic material in bioretention media 
under saturated conditions (Zinger et al., 2013). Phosphorus sorption dynamics might be 
a concern at longer retention times, however Erickson et al. (2007) conducted batch 
studies found 10 h of contact time to have higher P sorption rates compared to 5 h of 
contact time in C 33 sand filters. More work evaluating P dynamics with longer retention 
times would be beneficial for understanding optimizing nutrient removal and potential 
trade-offs. 
 
1.3 Silage Bunker Runoff and Treatment Systems 
1.3.1 Silage Bunker Storage 
Ensiling process and silage leachate production 
In order to provide dietary and nutrient requirements for livestock in 
Concentrated Feeding Operations (CAFOs), many farms store feed for year-round use. 
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Silage bunkers are one common storage method, where plant material is packed in 
horizontal concrete floored and walled bunkers and covered with polyethylene tarps to 
promote anaerobic fermentation. Generally, this method is preferred to other options such 
as tower silos, due to lower costs and ease of loading and transport access on farms (Holly 
et al., 2018). The purpose of ensiling forage is to preserve feed through the fermentation 
of soluble carbohydrates that produce organic acids, which preserves proteins in the feed 
and inhibits bacterial growth that can cause spoilage (McDonald et al. 1991). A natural 
byproduct from the ensiling process is a very potent effluent, i.e., leachate or low flow, 
which is extremely high in nutrient content and 5-day biochemical oxygen demand 
(BOD) and has a low pH. Nutrient concentrations in silage leachate have been identified 
to be much higher than pollutants in other typical agricultural production wastewaters; 
reported at average concentrations of 3,692 mg L-1 for total N, 800 mg L-1 of total P, and 
a pH of 4 (Gebrehanna et al., 2014). 
Leachate impacts 
Leachate loss from silage is undesirable for several reasons. It results in a loss of 
useable feed, which can be a 15% loss of nutrients and 3.2 kg of P per cow per year 
(Wright et al., 2004). Discharge of leachate into the surrounding environment causes 
harmful environmental impacts including, groundwater contamination, fish kills in 
nearby water bodies, and corroding of steel and concrete around the silos (Cropper and 
DuPoldt Jr, 1995). If released into a water volume of 10,000 gallons, just one liter of 
concentrated silage leachate can deplete dissolved oxygen in the water enough that fish 
cannot survive (i.e., < 5 mg L-1 ) (Cropper and DuPoldt Jr, 1995). Best management 
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practices can be used to  reduce the leachate losses and subsequent environmental 
degradation (Gebrehanna et al., 2014). 
Preventing leachate losses 
In response to impacts from leachate, research has focused on how to prevent its 
production during the ensiling process. Major characteristics of ensiled forage that are 
important for management are the crop moisture content and timing of harvest. 
Controlling the moisture content of ensiled forage by harvesting plant material at the 
optimal time is recommended to limit concentrated leachate production (Wright et al., 
2004). Although recommendations are crop dependent, forage moisture content should 
generally not exceed 70-75% when stored in bunkers (Jones and Jones, 1995). Forage 
ensiled at a high moisture content (75-85%) can lead to large amounts of leachate 
production (Castle and Watson, 1973). Typically, most leachate production occurs within 
the first 10 days after initial harvest and storage of plant material in silos (Savoie, 1995). 
Silage bunker runoff 
During storm events, silage particles and leachate mix with precipitation and are 
transported in runoff (Wright et al., 2004). While nutrient concentrations in silage bunker 
runoff are lower than concentrations in the undiluted leachate, levels are a still a major 
concern for release into surface waters and groundwater (Wright et al., 2004; Faulkner 
et al., 2011; Gebrehanna et al., 2014). Runoff concentrations generally depend on storm 
size and intensity, concentration of undiluted silage leachate, and season (Wright et al., 
2004). Given the potential for silage leachate production and exposure to precipitation, 
runoff from silage bunkers is inevitable. 
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1.3.2  Treating Silage Bunker Wastewaters 
Silage leachate containment 
As a highly concentrated wastewater, it is crucial that farms have a collection and 
storage system for silage leachate to mitigate the release of harmful pollutants into 
surrounding soils and water bodies (Wright et al., 2004; Gebrehanna et al., 2014). 
Leachate should be collected in a pond area or storage tank system, and then stored, 
aerated, and diluted to be applied as fertilizer to hay lands or croplands during the 
growing season (Cropper and DuPoldt Jr, 1995). Minimal data are available describing 
silage leachate and runoff composition changes after storage, and more research is 
needed in this area (Gebrehanna et al., 2014). While silage leachate containment is an 
essential management practice, the concern of storm-driven bunker runoff persists. 
Under runoff conditions, little work has been done to evaluate effective remediation 
methods in the field, and there is a need to develop low-cost and low-maintenance 
technologies for use on dairy farms (Gebrehanna et al., 2014). 
Vegetative treatment area(s) for silage bunker runoff 
Flows from storm events can pose challenges due to the infrastructure required 
to store large quantities of runoff. One management option is a bypass system where 
most runoff flows past low-flow storage tanks into a wetland or vegetated area (Wright 
et al., 2004). Vegetative treatment areas (VTAs) are an edge-of-field treatment for dairy 
wastewaters that exhibit mixed success (Holly and Larson, 2016), with only a few studies 
evaluating their performance for silage bunker runoff treatment (Gebrehanna et al., 
2014). VTAs contain planted or indigenous vegetation located downslope of a pollution 
source designed to capture agricultural production area runoff and provide a buffer zone 
 19 
to the surrounding environment (Koelsch et al., 2006). Physical (e.g., settling and 
infiltration), chemical (e.g., sorption), and biological processes (e.g., microbial and plant 
uptake) occur in the soil and vegetation (Koelsch et al., 2006). 
Faulkner et al. (2011) evaluated the performance of three VTAs on farms 
producing silage bunker runoff in New York. This study was notable for being one of the 
first evaluations of VTA use for silage bunker runoff; the authors found significant NH4+ 
mass removal at all sites and one VTA had 40% SRP mass removal. Incoming NO3--N 
concentrations were low, so some VTAs yielded a net export (Faulkner et al., 2011). Two 
VTAs were evaluated at small and medium dairy farms in Michigan treating a mixture 
of farmstead runoff from production areas, feedlot and manure storage (Larson and 
Safferman, 2012). At the smaller farm, they found that the VTA decreased concentrations 
of chemical oxygen demand (COD), ammonia, and TKN, while concentrations increased 
at the medium sized farm (Larson and Safferman, 2012). Although VTAs are generally 
an economically viable and low maintenance option for farms, there are several concerns. 
These issues include surface runoff remaining untreated (Holly and Larson, 2016), 
vegetative burning due to high acidity in the runoff (Larson and Safferman, 2012), and 
leaching that can lead to groundwater contamination (Holly and Larson, 2016).  
Suggestions for improving VTAs 
While VTAs are commonly used for silage bunker runoff treatment, their 
performance can vary greatly (Wright et al., 2004; Koelsch et al., 2006; Faulkner et al., 
2011; Larson and Safferman, 2012). Designs that include pre-treatment for storage and 
reduction of acidity may improve function (Gebrehanna et al., 2014). Larson and 
Safferman (2012) suggest evaluating VTA designs that incorporate aerobic and 
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anaerobic zones to promote both nitrification and denitrification processes. Nitrification 
is a two-step aerobic process where nitrifying autotrophic bacteria oxidize NH4+ to NO2- 
then NO3-. Removal of aqueous N occurs through heterotrophic denitrification, where 
denitrifying microbes convert NO3- to N gases under anaerobic conditions. A field study 
by Holly and Larson (2016) evaluated an experimental VTA design where runoff flowed 
through two pretreatment tanks, i.e., an aerobic tank followed by anaerobic tank, before 
application to the filter strip. In this application, they saw no statistical difference in 
nutrient reduction in the filter strip that had pretreatment tanks compared to a control 
strip with no pretreatment (Holly and Larson, 2016). This indicates that new designs 
involving anaerobic and aerobic zones to facilitate N transformations may need further 
consideration. 
1.3.3 Denitrifying Bioreactors 
Description of denitrifying bioreactor function and design 
Due to aforementioned difficulties with managing leachate production and the 
negative effects of silage bunker runoff, there is a need for remediation practices in the 
field to control intermittent flow patterns. A denitrifying bioreactors is a promising 
technology that can be used to improve runoff quality from wastewater sources that 
contain elevated N concentrations, especially in agricultural settings (Schipper et al., 
2010b). They provide a carbon source under anaerobic conditions to stimulate 
denitrifying bacterial metabolism. In this biochemical process, nitrate (NO3-) is the 
electron acceptor, and inert dinitrogen gas (N2) or nitrous oxide (N2O) are products. 
Nitrous oxide is a very potent greenhouse gas, resulting from incomplete denitrification 
to N2 (Galloway et al., 2006). Some N2O-N may be released from bioreactor beds, as 
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Warenke et al. (2011b) observed 4.3% of NO3- removal in the form of N2O-N. However, 
under laboratory conditions, fully saturated woodchip bioreactors beds have been found 
to release very little N2O (Healy et al., 2012). More studies quantifying N2O emissions 
are needed to understand possible adverse effects of “pollution swapping” from aquatic 
to gaseous N species (Addy et al., 2016).  
There are two common forms of bioreactors: denitrification walls and 
denitrification beds. Both are passive treatment reactors designed to intercept flow of 
wastewater that contains high NO3--N loads. Denitrification walls are constructed by 
mixing a carbon source with soil in the ground to act as a permeable reactive barrier 
(PRB), to intercept the horizontal groundwater flow (Schmidt and Clark, 2013). In 
contrast, in denitrification beds (Figure 2) water infiltrates vertically though the bed 
material and inflow and outflow pipes control water flow. They are constructed by 
digging several feet deep into the soil, lined with an impermeable plastic layer and 
backfilled with a carbon source, typically woodchips (Error! Reference source not 








Figure 2: Cross sectional diagram of a typical woodchip 
bioreactor (Schipper et al. 2011b). 
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Bioreactors have been noted for the relative simplicity as a treatment option, 
minimal maintenance requirements, and low installation costs (Blowes et al., 1994). 
More research is needed to evaluate bioreactor performance in different landscapes to 
evaluate NO3--N mass removal rates, monitoring after 24 months of installation and other 
design features like optimum retention time (Gibert et al., 2008; Addy et al., 2016). 
Previous bioreactor research 
The remainder of this review will focus on denitrifying woodchip bioreactor beds. 
Bioreactors have been found to reduce N concentrations of various wastewater sources 
(Schipper et al., 2010a). Research began in the early 1990s in the first agricultural 
application of bioreactors, where Blowes et al. (1994) monitored two 200-L bioreactor 
beds at edge of field sites in Canada treating tile drainage effluent. A control bed was 
filled with only sand, one treatment consisted of sand and tree bark shavings, and the 
second had a mixture of sand, bark, woodchips and compost. Throughout the two year 
study, flow rates were relatively low at 10-60 L day-1, but NO3- concentrations were 
decreased from inflow concentration of 3.4 mg L-1 to < 0.02 mg L-1, which was attributed 
to denitrification (Blowes et al., 1994). Field studies from van Driel et al. (2006) 
evaluated two woodchip bioreactors at tile-drained sites in Ontario receiving higher flow 
volumes compared with previous studies from Blowes et al. (1994). One bioreactor 
treated drainage from a cornfield that flowed laterally though the bed, and a second 
bioreactor had an up-flow design and treated golf course drainage. Both designs were 
deemed successful for high NO3- removal rates under base flow conditions, lack of 
maintenance requirements, and longevity of wood particles as a carbon source for 
denitrification (van Driel et al., 2006). 
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Since initial studies in the 1990s, woodchip bioreactors have “moved beyond 
proof of concept” (Christianson and Schipper, 2016). Bioreactors are now a common 
edge-of-field practice treating tile drainage throughout the Midwest (David et al., 2015) 
and have been implemented in other settings for treatment of a wide range of wastewater 
sources. In more recent studies, there have been varying rates of N removal performance 
reported in the literature (Table 1). 
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between 48-65% for 
all sites. Biochar did 
not seem to have an 
impact on N 
removal. Removal 
rate of 0 in winter 
to 72 g d-1 m-3 in the 
summer.  
Maintaining HRT 
above a critical 
threshold is needed 
for the depletion of 
oxygen and 
effective removal 
of NO3-. In summer 
when flow was 
lowest, N removal 
efficiency was the 
highest. 
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David (2015) Two woodchip 
bioreactors in 
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Evaluation of carbon sources and quality for use in bioreactor beds is an area of 
ongoing research. Generally, woodchips have been considered a preferred choice, 
however other options have been studied. In a lab setting, Cameron and Schipper (2010) 
evaluated several substrates. Their analysis determined the order of materials for best 
NO3- removal performance: maize cobs, green waste, wheat straw, and wood. 
Temperature also had an effect since all substrates performed better at 23.5 C compared 
to 14 C. Long term performance of these substrates is less known. They acknowledge 
that woodchips tend to be the preferred choice for their low cost, high C:N ratio, 
consistent NO3- removal abilities, and high hydraulic conductivity. This study also 
compared different woodchips grain sizes, and they did not find a difference in NO3- 
removal. However, hydraulic conductivity decreased with larger grain sizes due to more 
accumulation of gas bubbles within the bed under larger woodchips (Cameron and 
Schipper, 2010). 
P removal in denitrifying bioreactors 
Variation in P removal has been observed in woodchip bioreactor studies, where 
some found moderate removal (Warneke et al., 2011a) and others showing a net export 
(Healy et al., 2012; Soupir et al., 2018). Export of P might occur due to saturated 
anaerobic conditions in the bed and degradation of material (Healy et al., 2012). Schipper 
et al. (2010a) observed inconsistent P removal in two large scale bioreactor beds 
receiving dairy farm and domestic effluent wastewater. Gottchall et al. (2016) tested 
woodchip bioreactor designs with added water treatment residuals, consisting of 10% 
and 20% by volume and found that amended bioreactors performed only slightly better 
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for N and P removal compared to woodchip-only designs. For a woodchip bioreactor 
with biochar amendments, Bock et al. (2018) did not see a significant effect on P export. 
This discrepancy suggests that P sorption to woodchips is likely not a removal process 
that occurs in woodchip bioreactors (Soupir et al., 2018), unless additional amendments 
are incorporated into the design for P adsorption (Gottschall et al., 2016). 
Hydraulics and tracer testing 
Understanding the internal dynamics of denitrifying bioreactors is necessary to 
inform designs for effective implementation (Christianson et al., 2013). Several studies 
have used a conservative tracer to aid in determining hydraulics, retention time, media 
porosity, and flow pathway through bioreactor systems. Van Driel et al. (2006) used a 
NaCl tracer to identify flow paths through two bioreactors accepting runoff from tile 
drains in fields. In their lateral flow reactor, they determined that flow passed through 
the middle coarse wood layer and had a 9-hour average retention time. Inflow in the up-
flow reactor dispersed well throughout in the bottom coarse wood layer and slowly 
moved upward. The retention time on average was 21-hours (van Driel et al., 2006).  
Tracer tests have also been used successfully to detect issues contributing to 
bioreactor underperformance. Using a bromide and Rhodamine-WT tracer test, Schipper 
et al. (2003) discovered groundwater flow bypassed treatment by flowing under a 
bioreactor wall instead of the intended flow path. They concluded that construction of a 
wall decreased hydraulic conductivity in surrounding soils (Schipper et al., 2003). 
Christianson et al. (2013) conducted a bromide tracer test by adding concentrated 
potassium bromide solution to the inlet of their woodchip bioreactor in Iowa. They found 
a very low effective volume, the ratio between mean tracer residence time to theoretical 
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HRT, which helped them identify a non-ideal flow path limiting NO3- removal ability in 
the bioreactor. They attributed this to poor design, installation, and relative height 
differences between inlet and outlet pipes (Christianson et al., 2013). 
Limitations of bioreactors 
Despite generally performing effectively, there are some limitations of 
denitrifying bioreactors. Some factors limiting performance include the concentration of 
influent NO3-, water temperature within the bed, and microbial communities (Schipper 
et al., 2010b). Capturing peak flow conditions during snow melt and rain events is more 
difficult than during times of base flow, due to overloading of the system (van Driel et 
al., 2006). Difficulties can occur when bioreactors short-circuit where water flows 
through a non-ideal flow path and it can be difficult to determine when that occurs 
(Christianson et al., 2013). Continued research on N removal abilities and the factors that 
control performance of these systems is needed to understand processes going on within 
bioreactors and how it connects to the surrounding environment (Goeller et al., 2016). 
 
1.4 Nutrient Sources and Sinks on Dairy Farms  
Given the impacts of agricultural runoff, challenges posed on dairy farms, and 
lack of farm-wide management options, Figure 3 identifies “sources and sinks” of N and 
P found on a dairy farm in the absence of management of storm-driven runoff from these 
areas. These nutrient “sources” include, silage storage areas and transport, manure-
fertilized farm field, and areas where cattle and tractors may transport silage or manure 
particles. Without runoff management systems, runoff from these areas would flow 
directly into the “sinks” untreated, which includes a stream or stormwater pond (Figure 
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3). Building upon the research previously described in this literature review, the 
following two thesis chapters have the objectives of evaluating the designs and 
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CHAPTER TWO: NITROGEN AND PHOSPHORUS REMOVAL IN A 
BIORETENTION CELL EXPERIMENT RECEIVING AGRICULTURAL 




In this study we assess the performance of three bioretention cells for the ability to reduce 
nitrogen (N) and phosphorus (P) from dairy farm production area runoff. We evaluate the effects 
of two treatments across the three cells: a vegetation treatment using Switchgrass (Panicum 
virgatum) and a soil amendment treatment using low-P compost (derived from leaf litter). Cell 1 
has no Switchgrass and no compost; Cell 2 includes Switchgrass and no compost; Cell 3 includes 
Switchgrass and compost. The system was installed in 2016, and we monitored performance in 
2018 and 2019, after the vegetation was well established. In 2019, we modified the bioretention 
cell hydrology to create an internal storage zone (ISZ) and increase the hydraulic retention time 
(HRT) targeting improved nitrate removal. In 2018, all three cells significantly reduced the 
effluent concentrations of total N (TN), total P (TP), and soluble reactive P (SRP). Similar trends 
were found in 2019 with the ISZ, however, effluent concentrations of SRP were significantly 
higher in 2019 compared to 2018, indicating a potential trade off of P leaching associated with 
increased HRT. While nitrite + nitrate-nitrogen (NO2 -+NO3 --N) effluent concentrations were not 
reduced by lengthening HRT, all three cells were nonetheless very effective for P concentration 
reductions and mass removals both years. For bioretention designs in a similar context, we 
recommend planting with vegetation, which in both years had significantly lower NO2 -+NO3 --N 
effluent concentrations compared to the design without vegetation. We suggest excluding 
compost due to nutrient leaching, especially in nutrient-sensitive areas, or using low-P compost 




2.1.1 Agricultural Production Area Runoff Description and Impacts 
Non-point source pollution in the form of runoff from agricultural areas 
contributes to the degradation of water bodies due to loading of nitrogen (N) and 
phosphorus (P) (Makepeace et al. 1995, Carpenter et al. 1998, Parris 2011, US EPA 
2017). These nutrient pollutants are discharged during storm events into downstream 
water bodies and can potentially lead to eutrophication and harmful algal blooms (Lund, 
1967). One source of agricultural runoff that is often overlooked originates from 
agricultural production areas, specifically the built areas within dairy production areas 
that do not contain livestock or stored feed. These areas are composed of impervious 
surfaces like rooftops and pavement and/or compacted materials, which alter natural 
hydrology and reduces infiltration (Hively et al., 2005) similar to urban areas. 
Consequently, the resulting stormwater runoff can become polluted from pathogens, 
manure, fertilizer, and silage leachate in these landscapes, leading to concentrations of 
nutrients that are much higher than urban sources (Carpenter et al., 1998; Parris, 2011). 
Runoff often leaves these areas untreated, and therefore management practices are 
needed to reduce the export of non-point source runoff from agricultural production 
areas. 
2.1.2 Bioretention Technology 
Bioretention cells, also referred to as biofilters or raingardens, are a commonly 
used form of green stormwater infrastructure (GSI) in developed areas; they are designed 
to capture and attenuate runoff from a specific drainage area. Bioretention cells are filled 
with a substrate mixture generally consisting of small stones or gravel, sand, engineered 
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soil media, organic material, and planted vegetation. There is typically an inflow, area 
for pooling, an underdrain, outflow, and overflow area (Davis et al. 2009; Roy-Poirier et 
al. 2010). These systems offer hydrologic benefits including minimizing peak flow and 
runoff volume (Li et al., 2009), reducing storm flow to similar quantities as seen in non-
urban watersheds (DeBusk et al., 2011), promoting infiltration (Emerson and Traver, 
2008), and evapotranspiration (DeBusk et al., 2011). Bioretention systems rely on 
physical, chemical, and biological filtration processes for water quality improvement 
(Roy-Poirier et al., 2010; Shrestha et al., 2018). They have been found to filter sediments 
(Dagenais et al., 2018), remove heavy metals (Hatt et al., 2007; Blecken et al., 2009), 
filter pathogens (Passeport et al., 2009), and remove nutrients from stormwater (Davis, 
2007; Houdeshel et al., 2015; Li and Davis, 2016a; Shrestha et al., 2018). While 
bioretention is common in urban and suburban areas, little research has been done to 
apply modified bioretention systems to treat agricultural runoff (Dietz, 2016; Shrestha et 
al., 2020). 
2.1.3 Planted Vegetation and Compost Treatments 
By designing bioretention with nutrient removal goals in mind, improved water 
quality and hydrologic performance can both be achieved (Hunt et al., 2012). One 
example is the presence of planted vegetation in bioretention. Prior studies evaluating 
bioretention designs that incorporate plants have seen mixed results for nutrient removal, 
including enhancing nutrient removal (Davis et al., 2006; Lucas and Greenway, 2008), 
or having no effect compared to non-vegetated systems (Zhang et al., 2011). A second 
element in question, is the use of compost in soil media designs, which is often 
recommended by state Stormwater design manuals in order to incorporate organic matter 
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for plant establishment into otherwise sandy soils with high infiltration rates (VT 
Department of Environmental Conservation, 2017). However, there are negative 
implications of using compost, as it has been shown to leach P into bioretention effluent 
(Bratieres et al., 2008; Cording et al., 2018; Shrestha et al., 2018). Therefore, 
recommendations for the use of low-P soil media (Hunt et al., 2012) and use of low-P 
compost amendments or elimination of compost altogether (Hurley et al., 2017) have 
been suggested in the literature. Bioretention design recommendations to optimize 
nutrient removal are still needed from the research community. 
2.1.4 Internal Storage Zone 
Many bioretention studies have reported an overall export of nitrate (NO3-) due 
to a lack of dentification occurring during storm events, and nitrification of NH4+ to NO3- 
in between storms (Davis et al., 2009; Roy-Poirier et al., 2010). A recommendation to 
target NO2 -+NO3 --N removal in bioretention systems is the use of internal storage zones 
(ISZ), also referred to as internal water storage (IWS) or submerged zone (SZ), which 
can provide sustained anaerobic conditions in the bioretention cell for denitrification 
(Kim et al., 2003). An ISZ is a saturated media layer located at the bottom of a 
bioretention cell profile, created by positioning an outflow pipe a certain distance above 
the bottom. This allows for longer hydraulic retention time (HRT) and slower drainage 
from the bioretention cell, which can encourage conditions for denitrification (Collins et 
al., 2010). However, the potential of leaching P from increased saturation from 
bioretention cells remains a concern (Dietz and Clausen, 2006). 
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2.1.5 Objectives 
The goal of this research was to assess the performance of a bioretention cell 
experiment in an agricultural runoff setting, to evaluate the nutrient removal effects of 
two treatments: Switchgrass (Panicum virgatum) and low-P compost (derived from leaf 
litter). Nutrient concentrations and mass loads were evaluated for total N (TN), 
ammonium (NH4+-N), nitrite + nitrate (NO2 -+NO3 --N), total P (TP), and soluble reactive 
P (SRP). For the second year of monitoring of this site, an internal storage zone (ISZ) 
was implemented in all three cells during storm events to investigate how NO3- export 
from the system compared to performance without the ISZ. 
 
2.2 Methods 
2.2.1 Study Site Description 
Three bioretention cells capturing dairy farm production area runoff were 
installed at the University of Vermont Paul R. Miller Research Complex (MRC) in South 
Burlington, VT in 2016 (Figures 4 & 5). The treatment system consists of an inflow 
forebay area, flow splitting structure, and three individual bioretention cells. The 
treatment combinations are Cell 1: no vegetation, no compost; Cell 2: vegetation, no 
compost; and Cell 3: both vegetation and compost (Figure 5). This design allows for the 
evaluation of effects on bioretention performance associated with the presence of 
vegetation (comparing Cell 1 verses Cell 2) and the effect of the low-P compost 
amendment (comparing Cell 2 verses Cell 3).  Initial monitoring of the system began in 
June 2016 (Shrestha et al., 2020), but this study took place in 2018 and 2019, three and 
four years after construction when vegetation was well established. 
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Figure 4: Arial view of the bioretention cells and the drainage area at 
the University of Vermont Paul R. Miller Research Complex in South 
Burlington, VT. 
 
Figure 5: Conceptual diagram of the runoff flow path through the system 
 
The total drainage area is 13,662 m2 consisting of paved parking lots, gravel 
roads, roof tops, a mown lawn, and areas where farm equipment carrying feed and cattle 
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pass through (Figure 4). Figure 5 illustrates the flow pathway of stormwater runoff 
through the system. A 15-m settling forebay collects runoff, which flows through a 10.2-
cm upturned elbow pipe into a flow splitting structure. As the structure fills, water travels 
under a wooden baffle and as designed, the total volume is evenly divided between three 
15.2-cm diameter inflow pipes, at equal elevation; each inflow pipe leads to one of three 
individual bioretention cells. The trapezoidal surface area of each bioretention cell is 83.1 
m2. 
In each cell, stormwater pools on the surface and infiltrates through the media. 
Error! Reference source not found. shows the components of the bioretention cell 
profile and the treatments (i.e., Switchgrass (Panicum virgatum) and low-P compost) in 
cross section. P. virgatum was chosen due to some promising findings that its use in 
bioretention led to less P leaching compared to vegetation mixes lacking the species 
(Cording et al., 2018). The form and growth habit can be easily maintained on an 
agricultural site with annual cutting, compared to many other types of perennial 
vegetation used in bioretention plantings. Low-P compost is defined as being derived 
from yard, leaf, and wood waste without food or manure inputs (Hurley et al., 2017). Use 
of compost from these feedstocks is recommended for bioretention projects where P 
pollution is a concern (Hatt et al., 2008; Hunt et al., 2012; Hurley et al., 2017). Low-P 
compost at this site was sourced from Casella Organics (Earthlife Organic Compost 
4/15/15; Johnston, RI) and 300 P. virgatum plants sourced from Vermont Wetland 
Supply were planted in each Cell 1 and Cell 2.  
Unlike typical bioretention cells in urban drainage areas, these cells are unlined 
to mimic a more realistic installation in an agricultural production area setting. Therefore, 
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some seepage of the runoff is lost to the surrounding native soils and the rest exits through 
a 10.2-cm diameter perforated underdrain pipe located at the bottom of each cell. Outflow 
from all three cells flows through perforated underground pipes where it is released into 
a vegetated swale, and ultimately flows into a tributary of Potash Brook, and eventually 
to Lake Champlain. In the case of an extreme precipitation event (i.e., 25-year 24-hour 
rain event with intensity of 8.8 cm over 24 hours), stormwater can bypass the forebay 
and bioretention cells into spillways surrounding the system and be sent directly to the 
outlet swale. A rain gauge (Onset RG3 Hobo Rain Gauge Data Logger, Bourne, MA) 
located on-site was used to determine total precipitation during each storm event. 
 
Figure 6: Cross section of bioretention cells profile. Cells are unlined. 
 
2.2.2 Flow Measurement 
Automatic water samplers (Teledyne ISCO 6712, Lincoln, NE) were used to 
collect flow-based stormwater samples. Inflow samples were taken at the inflow splitting 
structure (Figure 5) prior to the division of runoff into each cell. Individual outflow 
samples were collected from the outflow sampling structures (Figure 5), where effluent 
collected from underdrain pipes enters a 76-cm diameter outflow control structure sump. 
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As the outflow control structures fill, water exits via an upturned 15.2-cm diameter elbow 
pipe, which was used as the zero point for level readings by the attached water level 
sensor (Teledyne ISCO 720 Submerged Probe Module, Lincoln, NE). Level readings 
were used to calculate flow rate, using the relationship for a rectangular shaped weir 
without end contractions (equation 1). 
q = 3.33LH1.5, (1) 
where, q = flow rate, L = length of weir, H = water height relative to weir. 
In 2019, an orifice plate with a 7.62-cm diameter hole was installed at each of 
outflow upturned elbow pipes to increase accuracy of readings. A table of values 
developed from plotting H (autosampler level readings) vs. q; under weir (equation 1) 
and orifice (equation 2) conditions was used by the autosampler to convert level to flow 
rate. 
q = 0.6A(2gH)0.5, (2) 
where, q = flow rate, A = area of orifice, g = gravity constant, H = water height relative 
to weir. 
2.2.3 Flow-Based Sampling 
Prior to each storm event, autosamplers were programmed to take flow-based 
composite samples. Table A1 indicates the sampling method and number of samples for 
each storm event in both years of sampling. In 2019 a two-part program was used: Part 
A and Part B. Part A was set to a smaller flow interval to take more frequent samples for 
storm events smaller than 25.4 mm (1 in.). Part B was set to a larger flow interval to take 
samples that could fully capture storm events up to 63.5 mm (2.5 in.). The sampling 
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intervals were determined by calculating the anticipated runoff quantity from the 
drainage area using the Soil Conservation Service Curve Number equation (SCS-CN) for 
the predicted amount of precipitation. Within 24 hours after a storm event, samples were 
collected from the autosamplers and transported to the lab. For storms where water 
samples did not fill the sampling capacity of Part A, those samples were used. However, 
if water samples taken in Part A filled bottles completely, then Part B was used. Chosen 
bottles were composited using a 14-L flow splitter.  
2.2.4 Water Quality Sampling 
Samples were analyzed for concentrations of TN, NH4+-N, NO2 -+NO3 --N, TP, 
and SRP. Aliquots for N analysis were preserved with sulfuric acid and refrigerated until 
analyzed and SRP samples were filtered through 0.45-m nylon mesh filters. Samples 
for total nutrient analysis were digested. Concentrations were measured using flow 
injection analysis instruments (Lachat QuickChem8000 AE, Hach Inc., Loveland, CO) 
according to standard methods for each nutrient (Table A1) (“AWWA, Standard 
Methods for the Examination of Water and Wastewater,” 1998). Concentrations below 
the instrument’s detection limit were substituted with one-half the detection limit (Dietz 
and Clausen, 2006; Li and Davis, 2014). 
2.2.5 Load Calculations 
Nutrient mass loads were calculated for storm events in 2019 when the capture of 
all large runoff-producing events occurred, and overall volumes were deemed accurate. 
Nutrient loads in 2018 were not calculated due to inconsistencies with level readings and 
effluent volumes summed to be greater than total influent. Outflow nutrient mass loads 
included seepage volume lost to surrounding native soils. Seepage volume was calculated 
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from the inflow to each cell (assumed to be total inflow divided by three), correcting for 
precipitation falling on bioretention cell surface area, and subtracting the quantity that 
left via outflow control structures; using the equation: 
VS = (VP + VI) - VO, (3) 
where, VS is the volume of the seepage, VP is precipitation depth, VI is the influent runoff 
volume (inflow autosampler volume divided by three), and VO is the effluent volume that 
exited the cell via the outflow control structure. Storage within the cell was assumed to 
be negligible between storm events, since storms occurred back-to-back. Mass loads for 
each sampling location were calculated from total flow volumes and multiplied by the 
event mean concentration (EMC) from each sample for a certain time interval, 
Total pollutant mass = Σ (VC) (4) 
where, V = total volume leaving cell (including seepage) (L), C = event mean 
concentration (mg L-1) of analyte. Inflow and outflow nutrient loads were used to 
calculate pollutant mass removal efficiency (RE) for each cell (Dietz and Clausen, 2006): 
RE (%) = (Mi – Mf) × 100/Mi, (5) 
where, Mi = nutrient mass into cell (kg), Mf = nutrient mass leaving cell (kg), for positive 
values the cell retains nutrients, for negative values the cell exports nutrients. 
2.2.6 Outflow Gate Closure – 2019 
For storm events in 2019, we modified the HRT of the runoff in each bioretention 
cell to create an internal storage zone (ISZ). Before storm events, we closed outlet valve 
gates in the three outflow sampling structures to prevent runoff from leaving the cell 
through the underdrain pipes. The valve gates were opened 24-hours after the end of a 
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storm event and outflow sampling commenced once triggered by flow through the re-
opened gates. 
2.2.7 Statistical Analysis 
To evaluate differences between inflow and cell outflow concentrations, we 
compared statistically between mean concentrations for all N and P analytes. Each 
monitored storm event was considered a replicate for statistical purposes (Winston et al., 
2013). Since these data violated both normality and equal variance assumptions, they 
were log-transformed prior to analysis, and results here report p values from analysis on 
transformed data and means and standard deviations from the non-transformed data. 
Comparisons between paired inflow and outflow nutrient concentrations for each cell 
were analyzed using a paired t-test. To isolate and compare the effects of the two 
treatments, presence of vegetation and low-P compost, we used an Analysis of Variance 
(ANOVA) to compare outflow concentrations from each of the three cells, and a Tukey 
HSD to compare between treatments, for which we only report comparisons between 
Cell 1 versus Cell 2 and Cell 2 versus Cell 3. Mean influent concentrations across the 
two years were compared using a Student’s t-test to ensure that there were not differences 
in influent conditions between the two years. Effluent concentrations in 2018 and 2019 
from each cell were compared using a Student’s t-test. All models were run using R 




2.3.1 Storm Event Depths 
We monitored a total of 29 storm events over the sampling period (Figure 7). In 
2018, we sampled 17 storm events and depths ranged from 2.29 mm to 51.82 mm (0.09 
in. – 2.04 in.) and the mean was 19.24 mm (0.75 in.). In 2019 we monitored 12 storm 
events from June – October. The depths ranged from 9.40 mm – 87.12 mm (0.37 in. – 
3.43 in.) and the mean was 29.55 mm (1.16 in.). 
 
Figure 7: Distribution of storm event depths in 2018 (n = 17) and 2019 (n = 12). 
 
 
2.3.2 2018 Storm Events: Nutrient Concentrations 
Nutrient concentration reductions 
Prior to implementing the ISZ, we analyzed flow-based samples for N and P 
concentrations from the inflow and each of the cell outflows (Figure 8 and Table A3). 
The there was a significant difference found between mean TN inflow and all cell outflow 
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concentrations (Cell 1: p = 0.025, Cell 2: p < 0.0001, Cell 3 p = 0.0007). The differences 
between inflow NH4+-N concentration and the Cell 1 and Cell 2 outflows were found to 
be statistically significant (Cell 1: p < 0.0001, Cell 2: p = 0.002), while the difference 
between the inflow to outflow of Cell 3 was marginally significant (p = 0.090). There 
was an increase in the mean NO2 -+NO3 --N concentration between the inflow and Cell 
1, and that difference was statistically significant (p = 0.0006). All three cells reduced 
mean inflow concentrations for both TP and SRP, and those differences were significant 
(p < 0.0001). 
In addition, the effects of each treatment (Figure 8 & Table A3) were evaluated. 
For the presence of Switchgrass, we compared Cell 1 to Cell 2 and found lower 
concentrations in the outflow of Cell 2, and those differences were statistically significant 
TN (p = 0.049), NO2 -+NO3 --N (p = 0.001), and SRP (p = 0.037). The mean 
concentrations of NH4+-N and TP were lower in the outflow of Cell 1 compared to Cell 
2 and those differences were statistically significant (p = 0.0002, p = 0.033, respectively). 
We compared Cell 2 to Cell 3 to evaluate the effects of the low-P compost and found that 
differences between the means of NH4+-N and TP concentrations were lower from the 
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Figure 8: Nitrogen (1) and phosphorus (2) concentrations from 2018 storm events. Cell 1 has neither 
compost nor vegetation, Cell 2 has no compost with vegetation, Cell 3 has both compost and 
vegetation. Duplicate symbols indicate where significantly lower means were found (p < 0.05), and a 
single symbol indicates marginal significance (0.10 > p > 0.05). A significant positive increase 
compared to the inflow is indicated with (+). Stars ( ) denote significant differences between 
inflow and outflows, “A” indicates a significant difference comparing between Cell 1 (no 
Switchgrass) and Cell 2 (Switchgrass), and “B” indicates a significant difference comparing between 
Cell 2 (no compost) and Cell 3 (compost). No symbols indicate that significant difference was not 
found. (Nitrogen: Inflow, Cell 2, Cell 3: n = 16; Cell 1: n = 15. Phosphorus: Inflow TP: n = 16, SRP: 
n = 12; Cell 1 TP: 15, SRP: n = 12, Cell 2 TP: n = 15, SRP: n = 11; Cell 3 TP: n = 16, SRP: n = 12). 
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2.3.3 2019 Storm Events: Nutrient Concentrations and Loads 
Nutrient concentration reductions 
In 2019, the ISZ was used to increase HRT by holding water within the cells for 
24 hours following storm events. Flow-based samples of the inflow and outflows were 
evaluated for N and P concentrations (Figure 9 and Table A4). All cells reduced the mean 
concentrations of TN compared to the inflow, and those differences were found to be 
statistically significant (Cell 1: p = 0.032, Cell 2: p < 0.0006, Cell 3 p = 0.0002). Cell 1 
and Cell 2 reduced the mean concentration of NH4+-N, and that difference was significant 
(Cell 1: p = 0.0006, Cell 2: p = 0.019). Cell 1 increased the mean concentration of NO3-
N compared to the inflow, and that difference was found to be statistically significant (p 
= 0.0002). All mean outflow concentrations of TP and SRP were reduced compared to 
the inflow, and those differences were significant (p < 0.0001). 
Differences in performance for each treatment were evaluated (Figure 9 and Table 
A4). To evaluate the effects of Switchgrass, we compared between Cell 1 and Cell 2. 
Mean NH4+-N concentration was lower in the Cell 1 outflow, and that difference was 
significant (p = 0.034). Mean outflow concentrations for NO2 -+NO3 --N, TP, and SRP 
were lower for Cell 2 compared to Cell 1, and those differences were found to be 
significant (p = 0.023, p = 0.024, p = 0.0004). Cell 2 and Cell 3 were compared to assess 
the effects of the low-P compost, and the only significant difference found was for the 
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Figure 9: Nitrogen (1) and phosphorus (2) concentrations from 2019 storm events. Cell 1 has neither 
compost nor vegetation, Cell 2 has no compost with vegetation, Cell 3 has both compost and 
vegetation. A significant positive increase compared to the inflow is indicated with (+). Duplicate 
symbols indicate where significantly lower means were found (p < 0.05), and a single symbol 
indicates marginal significance (0.10 > p > 0.05). Stars ( ) denote significant differences between 
inflow and each outflow, “A” indicates a significant difference comparing between Cell 1 (no 
Switchgrass) and Cell 2 (Switchgrass), and “B” indicates a significant difference comparing between 
Cell 2 (no compost) and Cell 3 (compost).  (Nitrogen: Inflow, Cell 2, Cell 3: n = 12; Cell 1: n = 10. 
Phosphorus: Inflow, Cell 2, Cell 3: n = 12; Cell 1: n = 10). 
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Nutrient mass load analysis 
Nutrient mass loads were calculated for a subset of monitored storm events in 2019. 
The storm events occurred consecutively in the fall of 2019, when we captured all runoff 
producing storm events that occurred during that time and evapotranspiration was 
negligible. The storm dates are as follows: 9/23, 9/26, 10/1, 10/7, 10/16-10/17, 10/22-
10/23, 10/27, 10/31. Cell 2 had the greatest RE for all nutrient mass loads, with between 
86-99% removal for all nutrients (Table 2). Outflow gates were closed during these storm 
events, which resulted in a greater volume of outflow seeping into the surrounding soils, 
compared to 2018 storms when outflow gates were open.  
Table 2: Mean nutrient mass removal and RE (%) for each cell in consecutive storm events in 
fall 2019. Negative values indicate an export of nutrients. 
 
2.3.4 Comparisons Between 2018 and 2019 
To evaluate the bioretention cell performance in 2018 compared to increased HRT 
and the ISZ in 2019, we compared mean influent nutrient concentrations from both years. 
All N species inflow concentrations and SRP did not differ significantly between the two 
sampling years. However, influent TP concentrations from 2018 were significantly 











TN 0.209 ( 0.378) 40.4 0.287 ( 0.402) 95.8 0.115 ( 0.130) 60.8 





-271.9 0.028 ( 0.040) 90.0 0.012 ( 0.035) -7.1 
TP 0.122 ( 0.177) 88.3 0.133 ( 0.192) 99.0 0.070 ( 0.107) 95.0 
SRP 0.091 ( 0.137) 86.7 0.100 ( 0.147) 99.4 0.049 ( 0.072) 94.7 
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higher than 2019 (p = 0.035), so we did not make TP effluent comparisons. For all other 
nutrient analytes, we compared mean outflow concentrations for each cell to itself 
between the two years. For N species, only Cell 3 had a significantly lower NH4+-N 
outflow concentration in 2019 compared to 2018 (p = 0.008) (Tables A3 & A4). For P 
species, we found that SRP mean concentrations from all three cells were significantly 
higher in 2019 than 2018 (Cell 1: p < 0.0001, Cell 2: p = 0.0006, Cell 3: p = 0.007) 
(Tables A3 & A4). 
 
2.4 Discussion 
Nutrient removal in bioretention varies widely (Davis et al., 2009), which is 
consistent with differences in performance we observed between the treatments in both 
years of monitoring (Figures 8 and 9). Here, we first discuss the performance of the 
bioretention cells under originally designed conditions in 2018 and then consider 
differences from increased HRT with presence of an ISZ in 2019. 
2.4.1 N Concentration Reductions in Bioretention 
Total N is composed of organic N, NH4+, NO2- and NO3-, and in our system most 
incoming N is in the organic form (Figures 8.1 and 9.1). All three cells significantly 
reduced influent TN concentrations, likely due to organic N adsorption to organic matter, 
in the top layers of the bioretention soil profile (Davis et al., 2006) and mineralization to 
NH4+ (Kadlec and Knight 1995). As a cation, NH4+ can be adsorbed to soil media 
particles due to cation exchange capacity (Davis et al., 2001) or volatilized as NH3. 
Through the two-step process of nitrification, nitrifying bacteria convert NH4+ to NO2- to 
NO3- under aerobic conditions, where O2 is an electron acceptor. Both NH4+ and NO3- 
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can be immobilized into plant and microbial biomass (Marschner 1995). For this study 
in 2018, both Cell 1 and Cell 2 reduced influent concentrations of NH4+-N, which 
suggests that nitrification of NH4+ occurs in these cells. 
Finally, complete removal of N can occur in bioretention through denitrification 
of NO3- under anaerobic conditions by denitrifying bacteria (Galloway et al., 2006). 
However, denitrification is difficult to achieve in bioretention cells, due to requirements 
of anerobic conditions, sustained retention time, and a carbon source (Davis et al., 2006). 
Nitrate is often produced from nitrification during or in between storm events, and then 
flushed out of the bioretention cell (Davis et al., 2001) because NO3- does not sorb well 
onto soil particles and is very mobile (Davis et al., 2006). Not surprisingly, the 
bioretention cells in this study generally exported NO2-+NO3--N compared to influent 
concentrations, and that increase was significant for Cell 1 (Figure 8 and Table A3). 
Vegetation treatment 
Considering the system in 2018 without the ISZ, the vegetation treatment had an 
impact on reductions of N species concentrations. The outflow from Cell 2 (vegetation), 
had lower TN and NO2 -+NO3 --N concentrations compared to Cell 1 (no vegetation). 
This is consistent with results from column studies, where it has been shown that 
vegetated designs enhanced TN removal over non-vegetated designs (Lucas and 
Greenway, 2008; Bratieres et al., 2008; Liu et al., 2014). Part of this removal is attributed 
to plant assimilation of N (Liu et al., 2014) and microbial activity in the rhizosphere. The 
outflow from Cell 1 had a significantly lower NH4+-N mean concentration, which 
suggests that NH4+-N can be removed without vegetation via adsorption onto soil media 
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particles, a similar finding from mesocosm experiments reported by Bratieres et al. 
(2008). 
Low-P compost treatment 
Nitrogen concentration reductions were also affected by the compost treatment. 
Mean outflow concentration of NH4+-N from Cell 2 was significantly lower compared to 
Cell 3. Mean TN and NO2 -+NO3 --N concentrations were lower in Cell 2 compared to 
Cell 3, but those differences were not significant. Compost in bioretention cells can be a 
source of nutrients, including leaching NO2 -+NO3 --N (Mullane et al., 2015; Hurley et 
al., 2017), which could explain slightly higher concentrations of NO2 -+NO3 --N leaving 
Cell 3. However, the average NO2 -+NO3 --N concentration decreased since the first year 
of operation (2016) from 2.23 mg L-1 (Shrestha et al., 2020) to 1.22 mg L-1 in 2018, 
indicating that flushing of NO3- from compost may decrease over time. Cell 3 was a 
significant source of NH4+-N compared to the inflow, potentially due to N leaching from 
compost (Hurley et al., 2017). 
2.4.2 P Concentration Reductions in Bioretention 
Particulate-bound P adsorption in bioretention can occur through filtration and 
sedimentation in top layers of the profile (Hunt et al., 2012), while chemical processes 
for dissolved P uptake include microbial immobilization, plant uptake, and P adsorption 
in soil media (Li and Davis, 2016b). Phosphorus uptake in bioretention is dependent on 
existing P levels in the substrate, as soils with high P content reach saturation more 
quickly, limiting the ability for further sorption (Roy-Poirier et al., 2010). Our system, 
which had very high levels of influent TP and SRP, had highly significant concentrations 
reductions across all cells in both years of monitoring (Figures 8-9 and Table A3).  
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In 2018, the mean outflow concentrations from all three cells ranged from 0.06-
0.13 mg L-1 for TP and 0.01-0.03 mg L-1 for SRP, which are low enough concentrations 
to be comparable to urban runoff data. These concentrations are lower than values 
reported in Pitt and Maestre (2005) from a nationwide survey of untreated urban runoff 
from developed areas where median concentrations were 0.27 mg L-1 for TP and of 0.12 
mg L-1 for SRP. Notably, mean concentrations from our study were also lower than 
effluent from some urban bioretention cell field-scale projects, including TP in effluent 
from a bioretention design that utilized sand-based soil media and topsoil (Davis, 2007). 
Effluent SRP concentrations (Figure 8.2) in our study were similar to a median effluent 
concentration of 23 μg L-1 reported in a roadside bioretention cell design that 
incorporated an engineered soil media for P adsorption, but also used a 60% sand and 
40% compost media, where median effluent SRP concentration was 23 μg L-1 (Cording 
et al., 2018). Comparison of these studies demonstrates the effectiveness of all three 
bioretention cell designs for TP and SRP removal with reducing high influent 
concentrations to levels lower than is seen in typical bioretention settings. 
Vegetation treatment 
The presence of vegetation had an impact on both TP and SRP reductions. Cell 2 
(with vegetation) had significantly poorer P removal than Cell 1 (no vegetation). This 
finding differed from a study of vegetated vs. non-vegetated mesocosm experiments by 
Lucas and Greenway (2008). Authors found that vegetated designs significantly 
increased TP removal in unsaturated soil media, which they attributed to the development 
of the soil rhizosphere. Well-established plant communities increase the sorption 
capacity of P, and increased irreversible sorption can occur when media dries out and P 
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trapped in the soil media can be adsorbed through geochemical processes (Lucas and 
Greenway, 2008). We can also apply this finding to reasoning for the difference in SRP 
reductions, where Cell 2 had significantly better P removal performance for SRP 
compared to Cell 1 (Figure 8.2). The soil rhizosphere may have more of an impact on 
SRP adsorption than TP in this application of bioretention. 
Low-P compost treatment 
Nutrient leaching, especially of P, is a concern from bioretention cells that contain 
compost amendments (Hurley et al., 2017; Shrestha et al., 2018). We did not observe any 
leaching of P from Cell 3, with low-P compost. However, mean TP concentration in the 
outflow of Cell 3 was significantly higher than that of Cell 2, indicating that bioretention 
may have a reduced capacity for TP uptake when even low-P compost is incorporated.  
2.4.3 N Concentrations with an Internal Storage Zone 
In response to NO2 -+NO3 --N leaching observed from all three bioretention cells 
in 2018 (Figure 8.1), and in a study of the first year of this project’s establishment 
(Shrestha et al., 2020), in 2019 we increased the retention time of runoff in the cells in 
an effort to create saturated anaerobic conditions for NO3- removal via denitrification. 
Based on the differences we observed in nutrient concentration results, the ISZ did not 
seem to have this effect overall, since mean NO2 -+NO3 --N effluent concentrations 
actually increased in 2019 compared to 2018. Outflow TN concentrations from Cell 1 
that was slightly lower in 2019 than the year before, and mean NH4+-N was also slightly 
lower for Cell 2 and Cell 3, but only Cell 3’s NH4+-N reduction was significant (Tables 
A3-4). These differences could be due to less nutrient leaching over time as discussed 
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above, or more nitrification occurring within the cell, with N converting from NH4+ to 
NO3-. 
We can speculate why the ISZ did not result in reduced concentrations of NO2 -
+NO3 --N. There is evidence that disturbance from drying and reflooding of soils impacts 
soil microbial communities (Mentzer et al., 2006), which can be compared to our study 
of bioretention cells that become saturated due to the ISZ and later dry out in between 
storm events. Mentzer et al. (2006) looked at varying flood conditions, i.e., intermittent, 
early season, or constant flooding, of a simulated wetland and found that prolonged 
flooding affected the structure and function of soil microbial communities. Some 
bacterial communities increased with flooding, while others decreased. Therefore, 
creating saturated anerobic conditions might be altering the rhizosphere, and lower soil 
media layers not associated with plants, within bioretention cells leading to changes in 
function, which is important to consider when targeting nutrient removal, because these 
interactions are complex.  
Requirements for denitrification include anerobic conditions, presence of 
denitrifying microbes, NO3- as the electron acceptor, and a carbon source. While we 
believe carbon is present in the influent water due to the presence of some silage plant 
material in the runoff from the drainage area, it is uncertain if there is sufficient carbon 
in the system for denitrification to occur. A suggestion for further study would be to 
sample the bottom of the bioretention cells for the presence of carbon. Furthermore, in 
future studies, bioretention cell profiles could intentionally include a carbon source, in 
combination with an ISZ. In a study from Tian et al. (2019), bioretention cells with ISZ 
and biochar amendments improved NO3- removal compared to a control cell; the  authors 
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attribute successful NO3- removal to the ability to increase retention time and sustain 
anerobic conditions with the biochar amendment. Woodchips layered within bioretention 
cell profiles could also help provide a carbon source and create anaerobic conditions 
(Wan et al., 2017). As this ISZ was a design retrofit on the cells and was not in place 
from the beginning of the project, it is possible that the poor NO3- results could be from 
the ISZ-creation method of using the knife gate valve and being less functional than was 
intended, specifically since the system did not have impermeable liners beneath the 
bioretention cells. 
2.4.4 P Concentrations with an Internal Storage Zone 
While there was no change in N species effluent concentrations with the creation 
of an ISZ, we did find that 2019 mean SRP outflow concentrations from all three cells 
were significantly higher than concentrations from 2018, although still far lower than 
influent concentrations (Figure 9.2). This suggests that saturated conditions in the 
bioretention media may have inhibited sorption of influent SRP within the cells, or led 
to desorption of previously bound P. However, concentrations from this research were 
lower than both TP and SRP mean outflow concentrations from bioretention cells with 
and without ISZ zones (Hunt et al., 2006), and effluent TP concentrations from two 
grassed bioretention cells with sand and engineered fill media compared with and without 
ISZ (Passeport et al., 2009). 
A study from Pitt and Clark (2009) reported less leaching of P from filters 
containing compost when the filters remained aerobic, meaning that under anaerobic 
conditions and with compost, P leached from the outflow. Fluctuating redox conditions 
may remobilize some aqueous P, and desorption may increase as NO3- concentrations 
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decrease, an unintended consequence of low NO3- concentrations (Parsons et al., 2017). 
Considering the vegetation treatment, both TP and SRP outflow concentrations were 
significantly lower from Cell 2 (with vegetation) compared to Cell 1, so potentially the 
development of plant roots helps maintain the P adsorption under anerobic conditions. 
This was a change from 2018, when Cell 1 had lower TP outflow concentrations 
compared to Cell 2, suggesting that sorption in the soil media itself had more of an effect 
than plant roots on TP concentrations in the second year.  
We also observed a difference in TP influent concentrations between the two 
years. Incoming TP in 2019 was significantly lower than 2018, but differences in SRP 
concentrations between the two monitoring years were not statistically significant. This 
suggests that for incoming runoff in 2019, the soluble P component of TP was higher 
than in 2018. 
2.4.5 Nutrient Mass Loads 
Nutrient load removals were very high for Cell 2, and notably over 85% on 
average for all nutrient mass loads measured during late summer and fall storm events 
(Table 4). Nitrate load removal from Cell 2 (vegetation, no compost) averaged 90% for 
these storms, while the reduction in concentrations was not significant, suggesting that 
some denitrification with the ISZ in this cell occurred. Both Cell 1 and Cell 3 exported 
mass loads of NO2 -+NO3 --N, with over 200% increase from the inflow to the outflow of 
Cell 1, consistent with significant increases in concentrations. Very high export of NO2 -
+NO3 --N from all three cells was observed during the first year of monitoring (Shrestha 
et al., 2020) and the decrease that we observed here suggests that nutrient leaching from 
compost and the soil media decreases after initial establishment.  
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One way that nutrient mass load removal occurs in bioretention is through 
infiltration of influent runoff (Li and Davis, 2009). In our study of unlined cells and 
closing valves of outflow pipes, in the second year of our study, there was likely seepage 
of runoff into surrounding soils. This caused 68-78% of influent runoff volumes to seep 
from each cell instead of leaving through the outflow control structures. Seepage could 
be a concern for NO3- leaching in surrounding soils especially if connected to 
groundwater in agricultural landscapes, and that pollution can accumulate over time 
(Almasri and Kaluarachchi, 2007). In this case, nutrients seemingly removed via seepage 
would go to surrounding soils and not necessarily removed, unless conditions for 
denitrification are present, which is unlikely if no carbon source exists. 
 
2.5 Conclusions 
During the third and fourth years of operation, we found that bioretention treating 
runoff from a dairy farm production area can be an effective treatment technology for 
reducing both concentrations and mass loads of high levels of N and P. The presence of 
vegetation, specifically P. virgatum, showed promising reduction of N and P species 
under normal and increased saturation conditions (i.e., in years with and without an ISZ). 
While the low-P compost treatment did not leach TP or SRP, Cell 2 without compost had 
significantly lower TP outflow concentrations under normal infiltration conditions 
compared to Cell 3 that included the low-P compost. NH4+-N was also lower in the Cell 
2 effluent.  Based on our findings for the monitoring this system under established 
conditions, we agree with design recommendations from Shrestha et al. (2020) to 
eliminate compost due to the stronger nutrient concentration reduction and mass load 
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removal performance of Cell 2 (without compost). Notably, influent nutrient 
concentrations in this research context of an agricultural production area were higher than 
found in many urban runoff sources, suggesting minimal need for compost for plant 
growth in similar land uses. If the need for compost still persists, the use of a low-P 
compost is recommended, but only in areas where leaching of nutrients is not a concern. 
In addition, incorporating vegetation into bioretention systems is a critical design 
component.  
While we did not observe enhanced NO3- removal in the year with the ISZ 
modification, this flexible modification may be used in other treatment system contexts 
where managing outflow from a control structure might be helpful and a carbon source 
for denitrification is present. If HRT had been further increased by prolonging the internal 
saturation of the bioretention cells studied herein, we may have seen improved NO3- 
removal. However, both the risk of a tradeoff of poor P removal in saturated conditions 
and the increased forced seepage into adjacent soils as an alternative to the bioretention 
outlet raise concerns about increasing HRT beyond the 24 hours used in this study. 
Results from this study of both years of monitoring showed that performance 
improved compared to the first year of operation discussed in Shrestha et al. (2020). This 
improvement with time of nutrient removal observed between bioretention inflows and 
outflows could be the result of more established plant and microbial communities. 
However, this may also be attributable to some flushing of initial nutrients from the low-
P compost in Cell 3, in which case our results suggest that NO3- is more likely to be 
exported in the first years than P, in a low-P compost context. Monitoring beyond initial 
establishment can help to understand long-term performance of these systems. While P 
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concentration reductions and load removals were high in all the bioretention treatments 
herein, saturation of media can be a concern, and further study should also evaluate soil 
media P content to gauge when soil media would need to be replaced.  
 64 
2.6 References 
Almasri, M. N., and J. J. Kaluarachchi. 2007. Modeling nitrate contamination of groundwater in 
agricultural watersheds. Journal of Hydrology 343:211–229. 
AWWA, Standard Methods for the Examination of Water and Wastewater. 1998. . Amer. Pub. Health 
Association. Washington DC. 
Blecken, G.-T., Y. Zinger, A. Deletić, T. D. Fletcher, and M. Viklander. 2009. Impact of a submerged zone 
and a carbon source on heavy metal removal in stormwater biofilters. Ecological Engineering 
35:769–778. 
Bratieres, K., T. D. Fletcher, A. Deletic, and Y. Zinger. 2008. Nutrient and sediment removal by stormwater 
biofilters: A large-scale design optimisation study. Water Research 42:3930–3940. 
Carpenter, S. R., N. F. Caraco, D. L. Correll, R. W. Howarth, A. N. Sharpley, and V. H. Smith. 1998. 
Nonpoint Pollution of Surface Waters with Phosphorus and Nitrogen. Ecological Applications 
8:559–568. 
Clark, S. E., and R. Pitt. 2009. Storm-Water Filter Media Pollutant Retention under Aerobic versus 
Anaerobic Conditions. Journal of Environmental Engineering 135:367–371. 
Collins, K. A., T. J. Lawrence, E. K. Stander, R. J. Jontos, S. S. Kaushal, T. A. Newcomer, N. B. Grimm, 
and M. L. Cole Ekberg. 2010. Opportunities and challenges for managing nitrogen in urban 
stormwater: A review and synthesis. Ecological Engineering 36:1507–1519. 
Cording, A., S. Hurley, and C. Adair. 2018. Influence of Critical Bioretention Design Factors and Projected 
Increases in Precipitation due to Climate Change on Roadside Bioretention Performance. Journal of 
Environmental Engineering 144. 
Dagenais, D., J. Brisson, and T. D. Fletcher. 2018. The role of plants in bioretention systems; does the 
science underpin current guidance? Ecological Engineering 120:532–545. 
Davis, A., W. Hunt, R. Traver, and M. Clar. 2009. Bioretention Technology: Overview of Current Practice 
and Future Needs. Journal of Environmental Engineering 135:109–117. 
Davis, A. P. 2007. Field performance of bioretention: Water quality. Environmental Engineering Science 
24:1048–1064. 
Davis, A. P., M. Shokouhian, H. Sharma, and C. Minami. 2001. Laboratory study of biological retention 
for urban stormwater management. Water Environment Research 73:5–14. 
Davis, A. P., M. Shokouhian, H. Sharma, and C. Minami. 2006. Water Quality Improvement through 
Bioretention Media: Nitrogen and Phosphorus Removal. Water Environment Research 78:284–293. 
DeBusk, K. M., W. F. Hunt, and D. E. Line. 2011. Bioretention Outflow: Does It Mimic Nonurban 
Watershed Shallow Interflow? Journal of Hydrologic Engineering 16:274–279. 
Dietz, M. E. 2016. Modified Bioretention for Enhanced Nitrogen Removal from Agricultural Runoff. 
Journal of Environmental Engineering 142:1–4. 
Dietz, M. E., and J. C. Clausen. 2006. Saturation to improve pollutant retention in a rain garden. 
Environmental Science and Technology 40:1335–1340. 
Emerson, C. H., and R. G. Traver. 2008. Multiyear and Seasonal Variation of Infiltration from Storm-
Water Best Management Practices. Journal of Irrigation and Drainage Engineering 134:598–605. 
Galloway, J. N., J. D. Aber, J. W. Erisman, S. P. Seitzinger, R. W. Howarth, E. B. Cowling, and B. J. 
Cosby. 2006. The Nitrogen Cascade. BioScience 53:341. 
Hatt, B. E., A. Deletic, and T. D. Fletcher. 2007. Stormwater reuse: Designing biofiltration systems for 
reliable treatment. Water Science and Technology 55:201–209. 
Hatt, B. E., T. D. Fletcher, and A. Deletic. 2008. Hydraulic and Pollutant Removal Performance of Fine 
Media Stormwater Filtration Systems. Environmental Science & Technology 42:2535–2541. 
Hively, W. D., R. B. Bryant, and T. J. Fahey. 2005. Phosphorus Concentrations in Overland Flow from 
Diverse Locations on a New York Dairy Farm. Journal of Environment Quality 34:1224. 
Houdeshel, C. D., K. R. Hultine, N. C. Johnson, and C. A. Pomeroy. 2015. Evaluation of three vegetation 
treatments in bioretention gardens in a semi-arid climate. Landscape and Urban Planning 135:62–
72. 
Hunt, W. F., A. P. Davis, and R. G. Traver. 2012. Meeting Hydrologic and Water Quality Goals through 
Targeted Bioretention Design. Journal of Environmental Engineering 138:698–707. 
Hunt, W. F., A. R. Jarrett, J. T. Smith, and L. J. Sharkey. 2006. Evaluating Bioretention Hydrology and 
 65 
Nutrient Removal at Three Field Sites in North Carolina. Journal of Irrigation and Drainage 
Engineering 132:600–608. 
Hurley, S., P. Shrestha, and A. Cording. 2017. Nutrient leaching from compost: Implications for 
bioretention and other green stormwater infrastructure. Journal of Sustainable Water in the Built 
Environment 3:04017006 (8 pp.). 
Kim, H., E. A. Seagren, and A. P. Davis. 2003. Engineered Bioretention for Removal of Nitrate from 
Stormwater Runoff. Water Environment Research 75:355–367. 
Li, H., and A. P. Davis. 2009. Water Quality Improvement through Reductions of Pollutant Loads Using 
Bioretention. Journal of Environmental Engineering 135:567–576. 
Li, H., L. J. Sharkey, W. F. Hunt, and A. P. Davis. 2009. Mitigation of Impervious Surface Hydrology 
Using Bioretention in North Carolina and Maryland. Journal of Hydrologic Engineering 14:407–
415. 
Li, J., and A. P. Davis. 2016a. A unified look at phosphorus treatment using bioretention. 
Li, J., and A. P. Davis. 2016b. A unified look at phosphorus treatment using bioretention. Water Research 
90:141–155. 
Li, L., and A. P. Davis. 2014. Urban stormwater runoff nitrogen composition and fate in bioretention 
systems. Environmental Science and Technology 48:3403–3410. 
Liu, J., D. J. Sample, J. S. Owen, J. Li, and G. Evanylo. 2014. Assessment of Selected Bioretention Blends 
for Nutrient Retention Using Mesocosm Experiments. Journal of Environment Quality 43:1754. 
Lucas, W. C., and M. Greenway. 2008. Nutrient Retention in Vegetated and Nonvegetated Bioretention 
Mesocosms. Journal of Irrigation and Drainage Engineering 134:613–623. 
Lund, J. W. G. 1967. Eutrophication. Nature 214:597–598. 
Makepeace, D., D. Smith, and S. Stanley. 1995. Urban Stormwater Quality: Summary of Contaminant 
Data. Critical Reviews in Environmental Science and Technology 25:93–139. 
Mentzer, J. L., R. M. Goodman, and T. C. Balser. 2006. Microbial response over time to hydrologic and 
fertilization treatments in a simulated wet prairie. Plant and Soil 284:85–100. 
Mullane, J. M., M. Flury, H. Iqbal, P. M. Freeze, C. Hinman, C. G. Cogger, and Z. Shi. 2015. Intermittent 
rainstorms cause pulses of nitrogen, phosphorus, and copper in leachate from compost in 
bioretention systems. Science of the Total Environment 537:294–303. 
Parris, K. 2011. Impact of Agriculture on Water Pollution in OECD Countries : Recent Trends and Future 
Prospects Impact of Agriculture on Water Pollution in OECD Countries : Recent Trends and Future 
Prospects 0627. 
Parsons, C. T., F. Rezanezhad, D. W. O’Connell, and P. Van Cappellen. 2017. Sediment phosphorus 
speciation and mobility under dynamic redox conditions. Biogeosciences 14:3585–3602. 
Passeport, E., W. F. Hunt, D. E. Line, R. A. Smith, and R. A. Brown. 2009. Field Study of the Ability of 
Two Grassed Bioretention Cells to Reduce Storm-Water Runoff Pollution. Journal of Irrigation and 
Drainage Engineering 135:505–510. 
Pitt, R. E., and Al. A. Maestre. 2005. Stormwater Characteristics as Described in the National Stormwater 
Quality Database:380. 
Roy-Poirier, A., P. Champagne, and Y. Filion. 2010. Review of Bioretention System Research and Design: 
Past, Present, and Future. Journal of Environmental Engineering 136:878–889. 
Shrestha, P., J. W. Faulkner, J. Kokkinos, and S. E. Hurley. 2020. Influence of low-phosphorus compost 
and vegetation in bioretention for nutrient and sediment control in runoff from a dairy farm 
production area. Ecological Engineering 150:105821. 
Shrestha, P., S. E. Hurley, and B. C. Wemple. 2018. Effects of different soil media, vegetation, and 
hydrologic treatments on nutrient and sediment removal in roadside bioretention systems. 
Ecological Engineering 112:116–131. 
Tian, J., J. Jin, P. C. Chiu, D. K. Cha, M. Guo, and P. T. Imhoff. 2019. A pilot-scale, bi-layer bioretention 
system with biochar and zero-valent iron for enhanced nitrate removal from stormwater. Water 
Research 148:378–387. 
VT Department of Environmental Conservation. 2017. 2017 Vermont Stormwater Management Manual 
Rule and Design Guidance:180. 
Wan, Z., T. Li, and Z. Shi. 2017. A layered bioretention system for inhibiting nitrate and organic matters 
leaching. Ecological Engineering 107:233–238. 
Winston, R. J., W. F. Hunt, S. G. Kennedy, L. S. Merriman, J. Chandler, and D. Brown. 2013. Evaluation 
 66 
of floating treatment wetlands as retrofits to existing stormwater retention ponds. Ecological 
Engineering 54:254–265. 
Zhang, Z., Z. Rengel, T. Liaghati, T. Antoniette, and K. Meney. 2011. Influence of plant species and 




CHAPTER THREE: EVALUATION OF NITROGEN AND PHOSPHORUS 
REMOVAL FROM A DENITRIFYING WOODCHIP BIOREACTOR 
TREATMENT SYSTEM RECEIVING SILAGE BUNKER RUNOFF 
 
Material from this chapter has been published in the following form: 
 
Sarazen, J.C., Faulkner, J.W., Hurley, S.E.. (2020). Evaluation of nitrogen and 
phosphorus removal from a denitrifying woodchip bioreactor treatment system 
receiving silage bunker runoff. Applied Sciences, 10, 4789. 
 
 
Featured Application: Denitrifying woodchip bioreactors are an effective treatment 
technology for agricultural tile drainage. This work further expands the application to 
treat leachate and storm-driven runoff from silage storage bunkers. Additional 
applications of this treatment technology may effectively treat other agricultural 





Leachate and storm-driven runoff from silage storage bunkers can degrade 
receiving water bodies if left untreated. This study evaluated a novel treatment system 
consisting of three treatment tanks with a moving-bed biofilm reactor and paired side-
by-side denitrifying woodchip bioreactors for the ability to reduce influent nutrient 
mass loads. Flow-based samples were taken at four locations throughout the system, at 
the inflow to the first tank, outflow from the tanks prior to entering the woodchip 
bioreactors, and from the outflows of both bioreactors. Samples were analyzed for 
concentrations of nitrogen (N) and phosphorus (P) species. Inflow concentrations were 
reduced from the bioreactor outflows by an average of 35% for total N (TN) and 16% 
for total P (TP) concentrations on a storm event basis. The treatment system 
cumulatively removed 76% of the TN mass load, 71% of the nitrite + nitrate-N 
(NO2−+NO3−-N) load, 26% of the TP mass load, and 19% of the soluble reactive P 
load, but was a source of ammonium-N, based on the monitoring of 16 storm events 
throughout 2019. While the system was effective, very low NO2−+NO3−-N 
concentrations in the silage bunker runoff entered the bioreactors, which may have 
inhibited denitrification performance. 
 
Keywords: denitrifying woodchip bioreactor; silage leachate; silage bunker runoff; 
moving-bed biofilm reactor (MBBR); nitrogen; phosphorus 
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3.1 Introduction 
The discharge of nitrogen (N) and phosphorus (P) from agricultural production 
areas due to storm-driven runoff can degrade water quality and lead to eutrophication, 
cause fish kills, and decrease the esthetic value of water bodies (Carpenter et al., 1998). 
One specific harmful production area wastewater originates from silage storage bunkers 
on confinement dairy farms. To store feed for livestock throughout the year, plant 
material, typically chopped corn or hay, is packed in horizontal concrete floored and 
walled bunkers and covered with polyethylene tarps. This process, known as ensiling, 
promotes anaerobic fermentation of soluble carbohydrates by producing organic acids, 
which preserve proteins in the feed and inhibit bacterial growth that can cause spoilage 
(McDonald et al., 1991). Silage leachate is a byproduct from the ensiling process, which 
is extremely high in nutrient content, consisting of average concentrations of over 3500 
mg L−1 for total N (TN), 800 mg L−1 for total P (TP), 5-day biochemical oxygen demand 
(BOD) of over 60,000 mg L−1, and a pH between 3.5 and 5 (Gebrehanna et al., 2014). 
Controlling the moisture content of ensiled forage by optimizing timing for harvesting 
plant material is recommended to limit concentrated leachate production (Wright et al., 
2004), but appropriate harvest timing is often difficult to achieve in the Northeastern 
United States, due to unfavorable drying conditions and a limited harvest period. 
During storm events, exposed silage particles and leachate on impervious storage 
bunker surfaces mix with precipitation and are transported as runoff (Wright et al., 2004). 
While dilution with rainwater yields lower nutrient concentrations in silage bunker runoff 
more than the concentrated leachate, nutrients are still a major concern if released into 
surface waters (Wright et al., 2004; Faulkner et al., 2011; Gebrehanna et al., 2014; Holly 
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et al., 2018). Runoff concentrations from silage bunkers generally depend on storm size 
and intensity, concentration of undiluted silage leachate, and seasonality (Wright et al., 
2004). Best management practices to reduce leachate losses and subsequent 
environmental degradation are recommended or required on many dairy farms 
(Gebrehanna et al., 2014). 
Management options include intercepting silage leachate so that it can be 
disposed of properly (e.g., stored, aerated, and diluted to be applied as fertilizer to hay 
lands or other feed crops during the growing season) (Cropper and DuPoldt Jr, 1995). 
There are minimal data available describing silage leachate composition changes after 
storage, and more research is needed in this area (Gebrehanna et al., 2014). For storm-
driven silage runoff, vegetative treatment areas (VTAs) are often recommended. VTAs 
are vegetated systems located downslope of a pollution source designed to treat runoff 
and provide a buffer zone to the surrounding environment (Koelsch et al., 2006). In a 
New York study of three VTAs receiving silage bunker runoff, Faulkner (2011) found 
significant ammonium-N (NH4+-N) mass removal at all sites and one VTA had 40% 
soluble reactive P (SRP) mass removal. Incoming nitrate-N (NO3--N) concentrations 
were low, and some sites experienced a net export, presumably due to nitrification 
processes within the VTA. Whereas VTAs are generally an economically viable and low 
maintenance option for farms, several concerns still exist. These issues include surface 
runoff remaining untreated (Holly and Larson, 2016), vegetative burning due to high 
acidity in the runoff (Larson and Safferman, 2012), neglected operation and maintenance 
demands (Faulkner et al., 2011), and subsurface leaching that can lead to groundwater 
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contamination (Holly and Larson, 2016). Accordingly, there is a need to explore 
alternative remediation practices for silage bunker leachate and storm-driven runoff. 
In this research study two technologies for managing silage bunker runoff were 
evaluated. First, a moving-bed biofilm bioreactor (MBBR) is considered, which is a tank-
based wastewater treatment technology that incorporates engineered carriers to provide 
surface area for biofilm growth and which are suspended through aeration (Hem et al., 
1994). The goal of this technology is to increase the removal of organic matter and 
nutrients. MBBR systems have simple and compact designs, can operate under varying 
temperatures, and sustain the growth of microorganisms (Wang et al., 2005). 
Incorporating inoculant at the startup of bioreactors is typically done to establish 
populations of nitrifying bacteria (Zhu and Chen, 2002; Safwat, 2018). When designed 
to accommodate influent wastewater characteristics, sufficient hydraulic retention time 
(Mannina et al., 2018), and appropriate ratio between carrier volume and tank volume 
(Wang et al., 2005), MBBR systems have been shown to effectively treat municipal 
wastewater (Hem et al., 1994; Reboleiro-Rivas et al., 2013), industrial wastewaters (di 
Biase et al., 2018), and dairy processing wash waters (Tsitouras et al., 2020). 
The main component of this system is a denitrifying woodchip bioreactor; a 
passive treatment technology consisting of a bed of saturated woodchips that provide 
anerobic conditions and a carbon  (C) source for microbial denitrification, in which 
nitrate (NO3-) is converted to inert dinitrogen gas (N2) or, in some cases, nitrous oxide 
(N2O) (Schipper et al., 2010b). Woodchip bioreactors have been shown to effectively 
improve water quality from wastewater sources containing elevated N concentrations 
(Addy et al., 2016). While most bioreactor studies focus on NO3- removal, reductions of 
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other water quality parameters such as P (Warneke et al., 2011a), BOD (Robertson and 
Merkley, 2009), and fecal indicator bacteria (Escherichia coli) have also been reported 
(Rambags et al., 2016). Designs that consider variables such as optimal NO3- loading 
rates (Hoover et al., 2015) and hydraulic retention time (Hassanpour et al., 2017) have 
been successful in a number of settings treating agricultural tile drainage (Schipper et al., 
2010b; David et al., 2015), dairy farm wastewaters, (Schipper et al., 2010a), aquaculture 
effluent (von Ahnen et al., 2016), and septic tank effluent (Rambags et al., 2016). This 
system is the first application of a denitrifying bioreactor used to treat silage leachate or 
silage bunker runoff.  
To address the lack of reliable treatment technologies for silage storage bunker 
runoff, this study evaluated the nutrient removal performance of an innovative treatment 
system including treatment ks with MBBR, followed by denitrifying woodchip 
bioreactors, on a research farm located in Vermont, USA. The objectives of this study 
were to: 
1. Characterize the N and P composition of storm-driven silage storage bunker 
runoff. 
2. Evaluate concentration reductions and nutrient mass removal of the two 
components of the treatment system (i.e., the treatment tanks with MBBR, and 
the denitrifying woodchip bioreactors) during storm events. 
3. Consider the design of the system and its effectiveness in treating silage 
storage bunker runoff in order to offer recommendations for future designs. 
 
The discharge of nitrogen (N) and phosphorus (P) from agricultural production 
areas due to storm-driven runoff can degrade water quality and lead to eutrophication, 
cause fish kills, and decrease the esthetic value of water bodies (Carpenter et al., 1998). 
One specific harmful production area wastewater originates from silage storage bunkers 
on confinement dairy farms. To store feed for livestock throughout the year, plant 
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material, typically chopped corn or hay, is packed in horizontal concrete floored and 
walled bunkers and covered with polyethylene tarps. This process, known as ensiling, 
promotes anaerobic fermentation of soluble carbohydrates by producing organic acids, 
which preserve proteins in the feed and inhibit bacterial growth that can cause spoilage 
(McDonald et al., 1991). A natural byproduct from the ensiling process is a very potent 
effluent, i.e., undiluted silage leachate, which is extremely high in nutrient content, 
consisting of average concentrations of over 3500 mg L-1 for total N (TN), 800 mg L-1 
for total P (TP), 5-day biochemical oxygen demand (BOD) of over 60,000 mg L-1, and a 
pH between 3.5 and 5 (Gebrehanna et al., 2014). Controlling the moisture content of 
ensiled forage by optimizing timing for harvesting plant material is recommended to limit 
concentrated leachate production (Wright et al., 2004), but appropriate harvest timing is 
often difficult to achieve in the Northeastern United States, due to unfavorable drying 
conditions and a limited harvest period. 
 
3.2 Materials and Methods 
3.2.1 Study Site Description 
A treatment system for silage bunker runoff (Figure 10) was installed in 2017 at 
the University of Vermont Paul R. Miller Research Complex in South Burlington, VT, a 
small dairy farm with 45 milking cows and an equine center used for research and 
teaching. The site is located within the Potash Brook watershed, which drains to Lake 
Champlain. The drainage area of the system is 2767 m2 consisting of silage storage 
bunkers, where varying amounts of corn and hay is ensiled and stored under plastic tarps 
throughout the year, as well as a paved asphalt entry area for heavy equipment. Silage 
 73 
leachate and silage bunker runoff flow downslope away from the stored silage and are 
directed to the treatment system. A diversion berm in the asphalt prevents other 
production area runoff from entering the treatment system. The system consists of a 
particle separating screen assembly, a sequence of three treatment tanks for containment 
of low flows, settling and aeration, woodchip bioreactors, and an earthen infiltration 
basin (Figure 11). 
Figure 10: Plan view of the silage bunker runoff treatment system located east of the 
silage storage bunkers. Treatment tanks are enlarged to show underground location. 
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Figure 11: Conceptual schematic diagram of the runoff flow pathways through the treatment 
system, low flow, high flow, and extreme events. Numbered stars indicate autosampler locations; 
(1) System Inflow, (2) Tank Outflow, (3) West Bioreactor (WB), (4) East Bioreactor (EB). 
 
Storm-driven runoff from the bunker area enters the treatment system (Figure 11) 
through a stainless-steel screen assembly that has a series of three screens with mesh 
holes of decreasing size (7.2 cm2, 3 cm2, 0.79 cm2) to block silage particles and other 
large solids transported in the runoff. After the screen assembly, runoff and leachate flow 
through a series of three treatment tanks that overflow into each subsequent tank during 
storms. Tank 1 has a storage capacity of 7.57 m3 and is intended for BOD removal, 
settling of organic solids, and to prevent clogging of the downstream system components. 
Tank 2 is a 3.76-m3 MBBR tank equipped with a regenerative blower, which operates 
every other hour. This tank is oxygenated to allow for reduction of BOD and N 
transformations; specifically, mineralization of organic N to NH4+ and nitrification of 
NH4+ to NO3-. In May 2019, cylindrical media carriers were added to fill 40% of the Tank 
2 size by volume (1514.2 L) which each have a diameter of 2.5 cm, height of 0.4 cm, and 
a projected surface area of 800 m2/m3 (AnoxKaldnessTM- Veolia Water Technologies 
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AB). Tank 2 was inoculated with 18.9 L of a liquid suspension containing ammonia 
oxidizing microbial strains (MICROCAT-XNL, Bioscience, Inc., Allentown, PA, USA) 
for establishment of nitrifying bacteria populations. A third 3.76-m3 tank, Tank 3, is for 
settling of any remaining solids. 
Paired side-by-side denitrifying woodchip bioreactors referred to as East 
Bioreactor (EB) and West Bioreactor (WB) are each 9.1 m by 12.2 m with a depth of 1.4 
m. The woodchip bioreactors are continuously saturated, the bottom, side walls, and 
center barrier splitting the two bioreactors are lined with 1.1-mm ethylene propylene 
diene monomer (EPDM) and contain mixed hardwood woodchips (approximate size of 
individual chips: 5 cm × 5 cm × 0.6 cm). The species composition of the woodchips was 
60% Ash (Fraxinus sp.), 20% Yellow Birch (Betula alleghaniensis), and 20% Silver 
Maple (Acer saccharinum), determined by a local woodchip supplier, and was based on 
available feedstock species at the time of construction. The bioreactors receive effluent 
that is split after leaving Tank 3 through two sets of pipes distributed across the top 
perimeter of each bioreactor. The effluent percolates vertically into the woodchips in 
each bioreactor. The bioreactors remain saturated and internal water depth is governed 
by an adjustable water level control structure. When the woodchip bioreactors discharge, 
their outlets flow through parallel 100-mm diameter underdrain pipes into an earthen 
infiltration basin. Sampling occurred at four locations: before Tank 1 (System Inflow), 
after Tank 3 (Tank Outflow, prior to entering the woodchip bioreactors), and at the 
outflows of both EB and WB (Figure 11). 
The system has three distinct runoff flow paths (Figure 11), depending on the 
flow rate, which allowed for bypass of some treatment components during larger storm 
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events to protect the system. The three paths are referred to as ‘low flow’, ‘high flow’, 
and ‘extreme events’ and are designed to accommodate flow up to a certain intensity 
(Figure 11). 
• Low flow (leachate flows and storm intensities of up to 45.7 mm hr −1): 
behind the screen assembly, the lowest inlet pipe in the flow diversion 
structure directs leachate and runoff to enter the treatment tanks. 
• High flow (storm intensities up to 71.1 mm hr −1): runoff enters the high 
flow inlet in the flow diversion structure. In this case, runoff bypasses the 
treatment tanks and is sent directly to the surface of the woodchip 
bioreactors. 
• Extreme events (storm intensities greater than 71.1 mm hr −1): runoff enters 
a third inlet, bypasses the treatment tanks and the bioreactors, and sent 
directly into the infiltration basin. 
For this study, the treatment system was monitored from June to October 2019. 
A tipping bucket rain gauge (Onset RG3 Hobo Rain Gauge Data Logger, Bourne, MA, 
USA), installed at the site, measured rainfall depths throughout the sampling period. 
Routine maintenance was performed to prevent malfunctioning of the system. 
Weekly inspections were conducted during the growing season and subsequent 
maintenance involved removal of solids from the screen assembly and area around the 
flow diversion structure, removal of plant growth from the bioreactors, and addressing 
any potential flow blockages in the pipe network. 
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3.2.2 Storm Event Sampling  
Collection of flow-based water samples occurred at four locations throughout the 
system (Figure 11) using automated water samplers (Teledyne ISCO 6712, Lincoln, NE, 
USA). Autosamplers were equipped with water-level measurement modules, which were 
set to record water level on a one-minute interval. Water-level measurements were used 
to calculate flow, as described below. To prevent drift, modules were calibrated at the 
zero-level point at the start of and throughout the sampling season. 
Inflow samples were taken from the inlet pipe to Tank 1 (System Inflow, Figure 
11), where a compound weir (Thel-Mar, Boone, NC, USA) and a water level sensor 
(Teledyne ISCO 730 Bubbler Flow Module, Lincoln, NE, USA) measured stage. Flow 
rates were determined using stage-discharge values provided by the weir manufacturer. 
A second autosampler took samples from the effluent of Tank 3 (Tank Outflow, Figure 
11). This autosampler was triggered via a communications cable to take samples 
concurrently with the first autosampler. 
Bioreactor outflow samples were collected individually from both water level 
control structures (WB and EB, Figure 11). As the outflow from each bioreactor filled 
the sumps, effluent exited via a 15.2-cm diameter spillway equipped with an orifice plate 
containing a 7.6-cm diameter orifice, the top of which was the reference zero point for 
the water level sensor. Flow rate (q) was calculated from level readings from the attached 
water level sensor using a table of values developed from plotting H (autosampler level 
readings) vs. q; under weir (Equation (1)) and orifice (Equation (2)) conditions. 
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                                  q = 3.33LH1.5,          (1) 
where, q = flow rate (L s−1), L = length of weir (m), H = water height relative to weir 
(m). 
                        q = 0.6A(2gH)0.5, (2) 
where, q = flow rate (L s−1), A = area of orifice (m2), g = gravity constant, H = water 
height relative to weir (m). 
Each autosampler collected water samples on a predetermined flow-based 
interval. When compositing multiple samples across a storm hydrograph, flow-based 
sampling is preferred to limit sample processing (King and Harmel, 2003). Samples of 
100 mL were taken after a specific volume of runoff passed through the sampling 
location. Each autosampler had four 3.7 L sampling bottles and a sampling interval was 
chosen to accommodate up to the anticipated runoff quantity for this drainage area for a 
10-year 24-h storm in South Burlington, VT calculated using the Soil Conservation 
Service Curve Number equation (USDA-NRCS, 2004). Within 24 h of a storm event, 
samples were collected, transported to the laboratory, and composited in the laboratory 
to prepare for analysis. 
3.2.3 Water-Quality Analysis 
Samples were analyzed for concentrations of TN, combined nitrite + nitrate-N 
(NO2 -+NO3 --N), NH4+-N, TP, and SRP. Samples for N species analysis were preserved 
with sulfuric acid, SRP samples were filtered through 0.45-μm nylon mesh filters and 
samples for TN and TP were prepared through persulfate digestion. Nutrient 
concentrations were analyzed using flow injection analysis instruments (Lachat 
QuickChem8000 AE, Hach Inc., Loveland, CO) using standard methods (listed in Table 
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A1) (“AWWA, Standard Methods for the Examination of Water and Wastewater,” 1998). 
System Inflow samples during the 2018 season were analyzed by the Vermont State 
Agriculture and Environmental testing laboratory. During the 2019 season, all samples 
were analyzed by the University of Vermont Agriculture and Environmental testing 
laboratory. Any concentration values below the instrument’s detection limit were 
substituted with one-half the detection limit (Dietz and Clausen, 2006; Li and Davis, 
2014). 
3.2.4 Nutrient Mass Load Calculations and Removal Efficiency 
For each sampling location, total nutrient mass loads were determined based on 
runoff volumes and measured event mean concentration (EMC) (Equation (3)). Volumes 
were calculated using flow rates recorded each minute by autosampler flow modules and 
summing the total volume over the sampling interval. 
Total Mass = Q * EMC, (3) 
where, Q = flow volume (L) and EMC = event mean concentration of analyte (mg L−1). 
Nutrient loads were used to determine the mass load removals and mass removal 
efficiency using the equation (Dietz and Clausen, 2006): 
RE (%) = (Mi – Mf) × 100/Mi, (4) 
where, Mi = initial mass entering the system (g), Mf = final mass leaving the system (g). 
For positive values nutrients are retained, for negative values there is an export of 
nutrients. One storm event was removed from the analysis due to flow measurement 
instrumentation error. 
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3.2.5 Bioreactor Flow Distribution Challenges 
For most storm events, a portion of the storm flow volume bypassed the tanks 
(i.e., entered the high flow path, Figure 11) and went directly to the woodchip bioreactors. 
This was likely due to issues including clogging of the inflow pipe, backup of flow 
through the tanks, or rapid influent flow rate during high-intensity storm events. It was 
determined that summed volumes from bioreactor outflow autosamplers, with a 
correction for added effective precipitation on the open bioreactors, more accurately 
accounted for storm event runoff volumes that passed through the entire system. 
Additionally, the uneven split of flow between the bioreactors, which may have occurred 
at the flow diversion structure or at the split in the distribution system just past the Tank 
Outflow, led to the WB receiving greater runoff volume than EB. 
3.2.6 Statistical Analysis 
Event mean concentrations and nutrient mass loads were evaluated between the 
four sampling locations, System Inflow, Tank Outflow, WB Outflow, and EB Outflow. 
Each monitored storm event was considered a replicate for statistical purposes (Winston 
et al., 2013). These data violated both normality and equal variance assumptions, 
therefore a Wilcoxon signed rank test, a non-parametric analog to the paired t-test, was 
used to make comparisons between median influent and effluent nutrient concentrations 
of the treatment system components. For all storm events where nutrient mass loads were 
calculated, System Inflow and Combined Bioreactor Outflow nutrient mass loads were 
compared via Wilcoxon signed rank tests. Results were evaluated at 95% confidence (α 
< 0.05), with p values between 0.05 and 0.10 considered marginally significant. All 
models were run using R statistical software version 4.0 (R Core Team, 2020). 
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3.3 Results 
3.3.1 Silage Storage Bunker Runoff Nutrient Composition 
To characterize the composition of silage bunker runoff, storm event samples 
were collected at the System Inflow from June through November 2018 and June through 
October 2019. Mean concentrations from flow-weighted samples for each nutrient are 
presented in Table 3. 
Table 3: Mean concentrations of silage bunker runoff for System Inflow samples for 36 storm 
events from 2018-2019 (standard deviation and sample size in parentheses). 
TN NH4+-N NO2 -+NO3 --N TP SRP 
mg L-1 
75.9  
( 37.2, 36) 
21.5  
( 17.0, 36) 
0.14  
( 0.2, 36) 
25.3 
 ( 11.3, 35) 
19.2  
( 11.8, 30) 
 
 
3.3.2 Storm Events and Flow Rates 
During the months of June through October 2019, a total of 16 storm events were 
monitored at all autosampler points in the system (Figure 12). The mean storm depth was 
18.78 mm and the storm depths ranged from 5.33 mm to 52.58 mm. The average flow 
rate during storm events leaving the WB was 0.28 L s−1 and 0.17 L s−1 from the EB. 
 
Figure 12: Distribution of storm event depths during the 2019 sampling season. 
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3.3.3 Nutrient Concentrations 
Nitrogen  
Total N concentrations were highest at the System Inflow, and generally 
decreased as the runoff was treated in the system (Figure 13). Ammonium-N 
concentrations increased within the treatment tanks (i.e., between System Inflow and 
Tank Outflow), decreased from the WB (i.e., between Tank Outflow and WB Outflow) 
and were generally similar or increased within the EB (i.e., between Tank Outflow and 
EB Outflow) (Figure 13). All means, sample sizes, and standard deviations are shown in 
Table A6. 
System Inflow median N concentrations were 49.84 (range: 18.8–158.36) mg L−1 
for TN, 6.6 (range: 3.7–25.0) mg L−1 for NH4+-N, and 0.065 (range: 0.025–1.11) mg L−1 
for NO2 -+NO3 –N. Median N concentrations measured at Tank Outflow were 45.74 
(range: 27.12–71.54) mg L−1 for TN, 17.2 (range: 4.74–40.7) mg L−1 for NH4+-N, and 
0.025 (0.025–7.7) mg L−1 for NO2 -+NO3 --N. Compared to the System Inflow, NH4+-N 
median concentration in Tank Outflow increased, and that difference was found to be 
statistically significant (p < 0.001). 
The WB was most effective at reducing N concentrations. Median concentrations 
measured at the WB Outflow were 16.61 (range: 12.15–52.34) mg L−1 for TN, 5.14 
(2.75–39.55) mg L−1 for NH4+-N, and 0.025 (0.025–0.13) mg L-1 for NO2 -+NO3 --N. The 
median effluent concentrations of TN and NH4 +-N at the EB Outflow were both reduced 
relative to Tank Outflow (i.e., inflow to the WB) and those differences were found to be 
statistically significant (p < 0.001, p = 0.002, respectively). 
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The EB Outflow median TN concentrations were higher than the WB Outflow. 
At the EB Outflow, the median TN concentration was 39.74 (range: 17.7–92.34) mg L−1, 
the NH4+-N median concentration was 24.5 (range: 1.88–75.5) mg L−1, and the NO2 -
+NO3 --N median concentration was 0.025 (range: 0.025–0.089) mg L−1. Differences in 





Overall, the treatment system was successful at reducing TP and SRP 
concentrations, but P reduction was most effective within the bioreactors rather than the 
tanks (Figure 14 and Table A6). In 2019, the System Inflow median TP concentration 
was 18.1 (range: 10.3–34.9) mg L−1 and 12.84 (range: 7.0–28.6) mg L−1 for SRP. The 
median concentration of TP measured at the Tank Outflow was 16.30 (range: 12.4–24.7) 
mg L−1 and 14.72 (range: 10.7–21.4) mg L−1 for SRP. There was not a statistically 
Figure 13: Box and whisker plots of nitrogen (N) species concentrations from each sampling 
location. Bottom and top boxes indicate 25th and 75th percentiles, respectively, the middle line 
shows the median, whiskers show the min and max, and points denote any outliers. TN = total N, 
NH4+-N = ammonium-N, NO2−+NO3−-N = nitrite + nitrate-N 
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significant difference comparing the difference in median P concentrations measured 
from System Inflow and Tank Outflow. 
The WB Outflow median TP concentration was 12.1 (range: 9.72–19.5) mg L−1 
and 10.27 (range: 7.8–18.16) mg L−1 for SRP. There was a reduction for both median TP 
and SRP concentrations compared to the Tank Outflow measurements, and those 
difference were found to be statistically significant (p = 0.002, p < 0.001, respectively). 
Median concentrations from the EB Outflow were 13.1 (range: 11.0–27.3) mg L−1 for TP 
and 11.58 (range: 6.75–21.6) mg L−1 for SRP, and there was not a statistically significant 
difference compared to Tank Outflow concentrations. 
 
Figure 14: Box and whisker plots of phosphorus (P) species concentrations from each sampling 
location. Bottom and top boxes indicate 25th and 75th percentiles, respectively, the middle line 
shows the median, whiskers show the min and max, and points denote any outliers. TP = total P, 
SRP = soluble reactive P. 
 
3.3.4 Nutrient Mass Loads 
Analysis of All Storms 
Cumulative mass load removals and removal efficiencies (RE %) were calculated 
from summed System Inflow and Combined WB and EB Outflow mass loads for 15 
 85 
storm events during the 2019 sampling period to assess overall system performance 
(Table 4). The system removed 76% of the influent TN mass load. On a storm-by-storm 
basis comparing TN inflow and outflow loads, the difference was statistically significant 
(p = 0.002). The treatment system had a net export of NH4+-N mass load over the season, 
and the difference between inflow and outflow loads was significant (p = 0.004). There 
was very little NO2 -+NO3 –N measured throughout the system, but overall there was a 
reduction in mass load and a statistically significant difference in inflow and outflow 
loads (p = 0.005). Moderate mass load reductions for TP and SRP occurred within the 
system, however those differences were not found to be statistically significant. 
Table 4: Cumulative mass removal of nitrogen (N) and phosphorus (P) mass loads and overall 
removal efficiency (RE %) in 2019 for 15 storm events where loads were calculated, between 
System Inflow and Combined Bioreactor Outflow (i.e., from East and West Bioreactor 
Outflows). Negative values indicate an export of nutrient. TN = total N, NH4+-N = ammonium-
N, NO2−+NO3−-N = nitrite + nitrate-N, TP = total P, SRP = soluble reactive P. 





TN 32.5 75.8% 
NH4+-N -1.97 -56.4% 
NO2 -+NO3 –N 0.04 70.4% 
TP 2.37 25.8% 
SRP 1.46 19.1% 
 
Nutrient Mass Loads for Storms with No Tank Bypass 
There were five storm events in 2019 for which tank bypass did not occur and the 
full runoff volume from each storm event was treated in the treatment tanks with MBBR 
prior to entering the woodchip bioreactors (Figure 15). For all storms, TN mass load 
decreased between System Inflow and Combined Bioreactor Outflow (i.e., sum of WB 
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Outflow and EB Outflow), however there was generally an increase in TN mass load 
within the treatment Tanks (Figure 15). 
 
 
Figure 15: Nitrogen (N) and phosphorus (P) mass loads for five storm events where no tank 
bypass occurred, at the System Inflow, Tank Outflow, and Combined Bioreactor Outflows (i.e., 
from East and West Bioreactor Outflows). TN = total N, NH4+-N = ammonium-N, 
NO2−+NO3−-N = nitrite + nitrate-N, TP = total P, SRP = soluble reactive P. 
 
These storm events were analyzed separately (Table 5). Cumulative nutrient mass 
loads and average removal efficiencies were calculated between the System Inflow and 
Tank Outflow, Tank Outflow and WB, and Tank Outflow and EB. Nutrient mass loads 
from individual storm events are shown for these locations. The treatment tanks with 
MBBR on average for each storm event increased nutrient mass loads, and overall most 






Table 5: Cumulative nutrient mass load removal and mean removal efficiency for each part of 
the system (i.e., treatment tanks with MBBR, West Bioreactor (WB), and East Bioreactor 
(EB)) for five storm events where no bypass of treatment tanks occurred. 
 
 






















TN -0.71 -7.3 1.81 57.1 0.34 -183.1 
NH4+-N -1.20 -224.0 0.84 70.8 -0.15 -26.2 
NO2 -
+NO3 –N 
-0.01 -2446.7 0.04 11.7 0.001 270.2 
TP -0.71 -41.0 0.43 23.4 0.15 7.1 
SRP 0.55 -33.3 0.32 20.7 0.07 -16.2 
 
3.4 Discussion 
3.4.1 Silage Storage Bunker Runoff Composition 
This study contributes to the understanding of nutrient composition of silage 
bunker runoff, which is rarely reported in the literature. Leachate composition is highly 
variable depending on time that elapsed since ensiling and the initial crop moisture 
content, which in turn leads to variation in runoff composition once it is diluted with 
precipitation (Wright et al., 2004). Total N is comprised of dissolved species, NH4+-N 
and NO2 -+NO3 --N and dissolved and particulate organic N. Studies reviewed by 
Gebrehanna (2014) suggest that NO2 -+NO3 --N may only make up 0.02% of the N 
content of silage leachate with most in the organic form, which is consistent with silage 
bunker runoff concentrations in this study (Table 3). Faulkner (2011) reported silage 
bunker runoff EMC concentrations for NH4+-N of 59 mg L−1 and NO3-N of 4 mg L−1, 
both higher than averages reported in this study (Table 3). For P, SRP contributes over 
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75% of the TP concentration on average (Table 3). Mean P concentrations were less than 
concentrations measured by Holly (2018), for which TP ranged from 26 to 71 mg L−1 
and SRP from 20 to 67 mg L−1 and the EMC of SRP from Faulkner (2011) was 37 mg 
L−1.  
3.4.2 Nitrogen Removal Performance 
Treatment Tanks with Moving-Bed Biofilm Bioreactor (MBBR) 
This treatment system was designed to facilitate conditions for N removal via 
microbial transformations. The MBBR system in Tank 2 is the first step in this process, 
as it is designed for conditions for nitrification, where biofilm reactors and aeration 
provide oxygen and nitrifying microbial populations, for the conversion of NH4+ to NO3-
. The treatment tanks were evaluated as an entire system since sampling occurred at the 
inflow to Tank 1 and outflow from Tank 3. A slight decrease in the average TN 
concentration and a significant increase in average NH4+-N concentrations from the 
System Inflow to Tank Outflow, suggest that ammonification, conversion of organic N 
to NH4+, likely occurred in the tanks (Figure 13). The average NO2-+NO3--N 
concentration entering the bioreactors from the tanks was 1.66 mg L−1, however it is 
notable that for 11 of 15 monitored storm events, the NO2-+NO3 --N concentration at the 
Tank Outflow was below 0.05 mg L−1 (the analyzing instrument’s detection limit). In 
2019, there were four consecutively monitored storms in mid-summer where Tank 
Outflow sample concentrations were between 3 and 7.7 mg L−1; an increase from System 
Inflow, suggesting there might have been a time where nitrification successfully occurred 
in the treatment tanks. It is likely that nitrification performance was inhibited by an 
 89 
inadequate hydraulic retention time during storm events, which is further discussed 
below. 
It is important to note that monitoring of this system occurred in conjunction with 
storm events, when each component of the system overflows to the next component and 
autosampling is triggered by flow. In other words, the system is not monitored at times 
between storms. Generally, nutrient concentrations and mass loads were higher in Tank 
Outflow samples leaving the treatment tanks, compared to the System Inflow (Figures 
13 and 15, Table 5), which may be attributed to conditions that occur in between storm 
events when the system was not monitored. This could potentially come from 
unmonitored silage leachate (i.e., not mixed with storm-driven runoff), which flows into 
Tank 1. Leachate concentration would be diluted within the treatment tanks with MBBR 
and also contribute to an increase in concentration measured in Tank Outflow during the 
following storm event. 
Woodchip Bioreactors 
Cumulatively over the sampling season, TN mass load was reduced by 76% 
(Table 4). Average TN concentrations decreased within the bioreactors despite low 
concentrations of NO2-+NO3--N entering the bioreactors from the Tank Outflow (Figure 
13, Table A6). This overall decrease indicates that N removal via denitrification occurred 
within the beds, preceded by nitrification in the aerobic zones of the bioreactor, which 
has been described as a possible removal mechanism of NH4+-N in in other woodchip 
bioreactor studies (Warneke et al., 2011a; Hassanpour et al., 2017). However, there was 
likely mineralization of organic N to NH4+-N, due to the increase in median NH4+-N 
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concentration between the Tank Outflow and WB and EB Outflows, which was not 
consistently followed by nitrification and denitrification processes. 
Most woodchip bioreactor studies sample influent and effluents on regular 
intervals when flow rates are relatively constant, however treatment of storm flows 
within bioreactors is thought to be less effective due to disturbance of steady-state 
conditions (Pluer et al., 2019). A meta-analysis of bioreactor studies found that 
performance was significantly lower with a hydraulic retention time (HRT) of less than 
6 h compared to longer times between 6 and 20 h and > 20 h (Addy et al., 2016). For this 
system, the steady-state HRT within each bioreactor during storm events ranged from 29 
to 309 hr and HRT between storm events varied from 1 day to 12 days. This variation in 
HRT and flow rates through the system may have inhibited performance by disrupting 
stable microbial populations, especially at rapid flow rates. Future work could modify 
outflow structures to control flow rates and HRT. 
Bioreactor performance was limited by low NO2-+NO3--N concentrations 
entering the woodchip bioreactors from the tanks (Figure 13), which has also been 
reported in other studies (Schipper et al., 2010a; Bock et al., 2018). A consequence of 
low NO2-+NO3 --N concentrations in the bioreactors can be undesirable redox reactions 
such as sulfate (SO42-) reduction, which produces hydrogen sulfide (H2S). There is the 
potential for these reactions to occur in woodchip bioreactors if complete NO2- -+NO3 --
N removal is achieved and the NO2-+NO3--N concentration falls below 0.5-1 mg L−1 
(Robertson and Merkley, 2009). However, SO42- concentrations were not measured in 
this study, so future work could investigate if sulfate reduction occurs in this system due 
to low NO2--+NO3 --N concentrations that were measured (below 0.05 mg L−1 to 0.13 mg 
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L-). The release of nitrous oxide (N2O) due to incomplete denitrification is a further 
‘pollution swapping’ concern, which should be investigated for this system. Generally, 
bioreactor studies have found low levels of N2O production (Moorman et al., 2010; 
Warneke et al., 2011a), but more work on greenhouse gas emissions from bioreactors is 
needed (Addy et al., 2016). 
3.4.3 Phosphorus Removal Performance 
Treatment tanks with MBBR 
Throughout the sampling season, moderate removal occurred in the entire system 
for both TP and SRP, as measured in both mass loads and concentration reductions (Table 
4 and Figure 14). Analysis of the subset of storms without tank bypass storms suggest 
that most of the load removal occurred in the bioreactors, as opposed to the treatment 
tanks with MBBR (Table 5 and Figure 15). Phosphorus concentrations and loads 
generally increased from System Inflow to Tank Outflow locations. This supports the 
hypothesis that undiluted silage leachate enters the tanks between monitored storm 
events, increasing nutrient concentrations in Tank 1, and subsequently the concentrations 
entering the bioreactors from Tank Outflow. 
Woodchip Bioreactors  
Woodchip bioreactors are typically designed to target N, so P removal reported 
in woodchip bioreactor studies is highly variable. Some studies found moderate removal 
(Warneke et al., 2011a), while others observed a net P export (Healy et al., 2012; Soupir 
et al., 2018). The exact removal mechanism for TP and SRP in the woodchip bioreactors 
(Figure 14, Tables 4 and 5) in this study is uncertain, but possibilities include sorption to 
woodchips and microbial immobilization of P. High removal of TP concentrations was 
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observed in a woodchip bioreactor treatment system, which reduced influent 
concentrations by 71%, but most reduction was observed from a settling tank (Choudhury 
et al., 2016). Robertson (Robertson et al., 2018) found a high TP removal rate in pilot-
scale woodchip biofilters with high influent TP concentrations from stream flow. 
Removal rates increased at higher loading rates, a promising finding for storm event flow. 
Soupir (2018) reported that non-sterile woodchips, i.e., with microbial growth, removed 
more dissolved P than sterile woodchips. Incorporating a P-binding additive into the 
bioreactor, such as drinking water treatment plant residuals (DWTR) has been successful 
in removing both TP and SRP via sorption onto these materials, however removal 
efficiencies were greater for SRP (Gottschall et al., 2016). The aforementioned study also 
compared pilot scale woodchip bioreactors amended with DWTR and without, and for 
the non-amended woodchip bioreactors authors saw an average of 19% (TP) and 12% 
(SRP) removal efficiency, which is comparable to the average RE observed in the WB 
from this study (Table 5). Removal of P in these non-DWTR bioreactors was thought to 
have been due to physical filtration (Gottschall et al., 2016). A possibility to further 
enhance removal of P in this system would be to incorporate a P-binding additive into 
one woodchip bioreactor, which could be compared with this paired system. 
Notably, System Inflow P concentrations (Table 3) were much higher than other 
woodchip bioreactor studies mentioned above. The treatment system from Choudhury 
(Choudhury et al., 2016) received vegetable wash water with observed TP concentrations 
from 5 to 10 mg L−1. Dissolved P concentrations were 1.12 mg L−1 for the woodchip 
sorption experiment from Soupir (2018). In the lab study from Gottschall (2016) influent 
concentrations were 0.6 mg L−1 and 0.2 mg L−1 for TP and dissolved P, respectively. 
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Higher influent concentrations in this system may have an impact on P sorption 
dynamics, however further consideration of these processes is needed. 
3.4.4 Bioreactor Performance: East Bioreactor (EB) versus West Bioreactor 
(WB) 
Superior nutrient removal performance was observed from the WB compared to 
EB for both concentration reductions and mass load removals (Figures 13–15 and Table 
5). As designed, the bioreactors were intended to be replicates of one another; however, 
observations during the study period made it clear that as-built features resulted in 
unequal hydraulic loading. Notably, greater runoff volumes flowed through WB 
compared to EB for 14 out of the 15 storms analyzed for nutrient mass loads, and on 
average WB received 28% more runoff during each event than EB. Since the WB outflow 
sampling structure had larger volumes of water passing through it compared to the EB 
outflow, a potential explanation is that increased water mounding occurred in the WB 
than EB, before drainage could occur. This additional mounding would have resulted in 
a greater volume of the top woodchip layers fluctuating between saturated and 
unsaturated conditions. 
The fluctuating water level in the WB is comparable to woodchip bioreactor 
studies on drying–rewetting cycles (DRW), where a bioreactor is drained and air is 
allowed to fill the once saturated spaces between the woodchips, overall increasing 
nitrate removal (Maxwell et al., 2018, 2019). These conditions in soil systems are known 
to enhance decomposition of organic matter, making C and N available, which can 
accelerate rates of soil metabolic processes (Birch, 1958; Sorensen, 1974; Miller et al., 
2005). Results from a DRW event was first reported in a woodchip bioreactor column 
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study from Christianson (2017). Researchers saw increased nitrate removal following a 
96-hr drying time and the capacity for dissolved P removal in the woodchips also 
increased. It is thought that DRW cycles cause decomposition of the woodchips to occur 
in the presence of oxygen, which increases dissolved organic C (DOC) and can then be 
used by microbes in denitrification. In this study where more woodchips in WB are 
saturated during storm flow and then subsequently dry out, the DRW may explain a 
difference in performance, leading to more DOC available for rapid denitrification. For 
future studies, modification of the outlet structures from each bed could be used to control 
outflow and retention time to investigate whether more water mounding in the WB does 
indeed occur. While woodchips have been shown to be an effective C source for NO3- 
removal for at least 15 years of continuous bioreactor operation (Robertson et al., 2008), 




The design of this treatment system is novel, as it is the first reported combined 
MBBR system and woodchip bioreactor study treating silage bunker runoff. As a whole, 
the treatment system successfully reduced TN mass load by 76% throughout the study 
duration. Most reduction of TN took place in the bioreactors, compared to the tanks, 
despite low nitrate concentrations entering the bioreactors. DRW may have been the 
primary driver for N transformations and removal. While the system’s design specifically 
targeted treatment of N species, moderate P removal was also observed; 26% of the TP 
mass load and 19% of SRP mass load over the sampling season.  
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Overall, the system was an effective treatment option for high concentrations of 
N and P in the influent silage bunker runoff evaluated during the third year of operation. 
Other treatment options or treatment tank designs should be considered prior to runoff 
entering the bioreactor to maximize the transformation of N into NO3-. To increase 
hydraulic retention time and nitrification performance of the treatment tanks, future 
designs could consider a decreased flow rate through the system that incorporates 
substantial storage up-stream of the treatment tanks. Simple hydraulic control (e.g., an 
orifice) could then be used to slowly release this stored runoff through the treatment 
system in between storm events at a rate that would allow for full nitrification to occur. 
Such modifications would likely improve performance but could also increase 
installation costs. Longevity of the woodchips should be monitored on an annual basis to 
ensure a readily available source of C for denitrification. Issues of unequal flow splitting 
and extra unintended bypass to the high flow path around treatment tanks highlight the 
importance of proper operation and maintenance of silage bunker runoff treatment 
systems. Areas for solids settling that can easily and frequently be cleaned out are critical 
to effective performance (Faulkner et al., 2011). In other water-quality contexts, where 
N is already in the form of NO3-, this combined MBBR and woodchip bioreactor system 
may also offer a promising solution. 
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CHAPTER FOUR: CONCLUSION 
4.1 Bioretention Cells  
Nitrogen removal 
While we sought to improve N removal by implementing the internal storage zone 
(ISZ), we did not observe increased NO3- removal that was hoped for. This could be a 
result of fully saturating the cell during and after storm events, which may have disturbed 
the microbial populations in the soil media. Other studies have suggested designs that 
use an up-turned elbow pipe to create the ISZ, in order to slow the outflow rather than 
completely block it. A similar retrofit idea is to attach a smaller orifice hole on the 
outflow pipe that would slow outflow from leaving the cell. This method eliminates the 
need to manage opening and closing of the knife gate before and after storm events. 
Furthermore, I am curious if the lack of NO3- removal was a result of the absence 
of a carbon source at the bottom of the cells. We could determine this by sampling the 
soil media and analyzing for carbon content. A future design might include woodchips 
in the lower layers of the soil media, combined with an intentionally designed internal 
storage zone. Another option would be to add a secondary treatment system after the 
bioretention cells as a final treatment step for denitrification. This could be a saturated 
woodchip bed that captures slow drainage from the bioretention cells, and functions 
similarly to the woodchip bioreactor at the silage treatment system, where influent runoff 
infiltrates vertically and along the length of the bed before exiting. 
Phosphorus removal 
All bioretention designs excelled with P removal. Notably, effluent 
concentrations from all three cells were lower than treated urban runoff reported in 
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several bioretention studies. A potential reason for this high reduction might be due to 
very high incoming P concentrations, leading to a steep concentration gradient and a high 
P sorption capacity within the bioretention cells. Therefore, if designing bioretention to 
target P removal at an agricultural site, I think that Cell 2 is the most effective design, 
since we did not observe any tradeoffs with saturation reducing P sorption capacity. 
Phosphorus removal occurs as P is trapped within the bioretention soil media and 
eventually the media will reach its maximum sorption capacity. I think it is important test 
the soil media profile for the P content to determine where in the cell the P is being 
trapped (i.e., how far down in the media layers). We could then compare the 
concentration to when the system was first installed, and measurements taken after the 
first year. 
Without changing the system, some additional research questions could be:  
• Why does Cell 1 have consistently less outflow?  
• Differences with the water table, location, pipe issues… etc. Analyze 
nutrient content in the switchgrass, are there differences between Cell 2 and 
Cell 3?  
• Does the system remove heavy metals or any pathogens, like E.coli, which 
might be found in the influent runoff? 
 
4.2 Silage Runoff Treatment System 
We reported reductions of N and P concentrations and loads within the silage 
treatment system; however, there are some aspects of the design that I believe could have 
been improved and should be considered in future designs. As described in woodchip 
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bioreactor literature, the most effective woodchip bioreactors have high influent NO3- 
concentrations and a constant flow rate through the bioreactor. Both of those aspects were 
not true for this system. Most incoming N in the system is in the form of organic N, not 
NO3-, so a treatment option to promote nitrification is needed.  
Treatment tanks improvements 
An MBBR tank is designed for nitrification and has been shown to be very 
effective in other studies, so in theory it should be a suitable pretreatment option for this 
system. However, it seems that for most storm events, runoff flows rapidly through the 
tanks and NH4+ is not converted to NO3-. A redesign of the system could involve having 
two larger tanks instead of three tanks. With a larger storage capacity in the MBBR tank, 
this would lengthen the HRT, and runoff would enter the woodchip bed in the form of 
nitrate. Other than additional storage volume, the third tank does not seem to provide any 
additional benefits to the system that the other two tanks don’t have. To ensure the MBBR 
tank functions properly, inoculation of the system should ideally happen several times 
throughout the season to maintain a constant microbial population in the case of wash 
out during storm events.  
To address the constant flow rate issue of our system, the tanks and the bioreactor 
could drain slowly in between storm events when there is no runoff, but not empty 
completely. This would allow for more storage during storm events, longer HRT, and 
optimizing the use of the bed in between storms, since currently the water level in the 
bed stays constant. There could certainly be treatment during times of low flow rates, as 
seen in other studies, and with more volume holding capacity in the system, it could 
hopefully reduce the rapid flow rates during storms. 
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As an additional improvement, the system’s design could avoid having a tank 
bypass option. This flow path led to uncertainty in determining how much runoff was not 
treated in the tanks. Transport of solids from silage particles into the bioreactor can 
accumulate over time, and negatively impact the functioning of the bioreactor. 
Phosphorus removal 
Finally, while we reported some P removal in this system, I think we can 
specifically target P adsorption in the bioreactor. In a redesign, we could incorporate a P 
sorptive material into the bed, such as drinking water treatment residuals, which has been 
done in other studies. An issue with this would be the eventual disposal of the woodchips 
once they are no longer functional for denitrification, since they could not be composted 
with the incorporated waste material. Using a retrofit design, a P removal structure with 
a sorptive material could be added to the outflow pipes from the outflow control 
structures that drains into the infiltration basin.  
Without changing the current system some future research questions include: 
• Does the system release any greenhouse gases?  
• Does DOC leach from the bioreactor?  
• For the MBBR tank, do an intensive sampling for NO3- concentrations.  
• A follow up tracer study with more sampling in between storm events and 
earlier in the season. 
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APPENDIX ONE: ADDITIONAL TABLES 
 
Additional figures and tables, which did not fit within Chapters Two and Three, 
are included here. 
Table A1: Flow injection analysis methods used for water quality analysis, for Chapters Two 
and Three. 
 Method Description 
TN 
Standard Method  
4500-N C 




Determination of Ammonia by Flow Injection.  When 
ammonia is heated with salicylate and hypochlorite in an 
alkaline phosphate buffer, an emerald green color is 
produced which is proportional to the ammonia 




Standard Method  
4500-NO3 F 
Automated Cadmium Reduction Method 
TP 
Standard Method  
4500-P G 
Flow Injection Colorimetry Analysis for Orthophosphate and 
Determination of Total Phosphorus with Acid Persulfate 
digestion 
SRP 
Standard Method  
4500-P G 






Table A2: Chapter 2: bioretention project storm event sampling information. Flow measurement is the type 
of equation used to convert autosampler level readings into flow rate (weir = rectangular weir without end 
contractions, table of values = flow rates developed under weir and orifice flow conditions). Discrete 
samples are single flow-based sample in each autosampler bottle, composite samples are multiple flow-
















6/27/18 Weir 24 bottles 4 discrete 4 discrete 4 discrete 4 discrete 
7/6/18 Weir 24 bottles 4 discrete 0 4 discrete 4 discrete 
7/25/18 Weir 24 bottles 4 discrete 4 discrete 4 discrete 4 discrete 
8/7/18 Weir 24 bottles 4 discrete 5 discrete 2 discrete 4 discrete 
8/15/18 Weir 24 bottles 4 discrete 1 discrete 4 discrete 4 discrete 
8/17/18 Weir 24 bottles 4 discrete 2 discrete 4 discrete 3 discrete 
9/11/18 Weir 4 bottles - - - - 
9/21/18 Weir 4 bottles - - - - 
9/21/18 Weir 4 bottles - - - - 
9/26/18 Weir 4 bottles - - - - 
10/1/18 Weir 4 bottles - - - - 
10/2/18 Weir 4 bottles - - - - 
10/11/18 Weir 4 bottles - - - - 
10/27/18 Weir 4 bottles - - - - 
11/1/18 Weir 4 bottles - - - - 
11/2/18 Weir 4 bottles - - - - 
11/9/18 Weir 4 bottles - - - - 
6/20/19 Table of values  4 bottles 72 composite 10 composite 64 composite 26 composite 
7/11/19 Table of values 4 bottles 5 composite 0 3 composite 2 composite 
8/21/19 Table of values 4 bottles 41 composite 0 14 composite 20 composite 






9/23/19 Table of values 4 bottles 25 composite 37 composite 20 composite 69 composite 
9/26/19 Table of values 4 bottles 32 composite 26 composite 23 composite 61 composite 
10/1/19 Table of values 4 bottles 16 composite 8 composite 10 composite 18 composite 
10/7/19 Table of values 4 bottles 66 composite 21 composite 24 composite 21 composite 
10/16-
10/17/19 
Table of values 4 bottles 72 composite 14 composite 26 composite 34 composite 
10/22-
10/23/19 
Table of values 4 bottles 71 composite 21 composite 72 composite 72 composite 
10/27/19 Table of values 4 bottles 59 composite 12 composite 20 composite 22 composite 
10/31/19 Table of values 4 bottles 72 composite 15 composite 32 composite 41 composite 
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Table A3: Chapter 2: mean nutrient concentrations in 2018 sampled storm events (corresponding 
standard deviation and sample size, n, in parenthesis). 
Nutrient 
(mg L-1) 
Inflow Cell 1 Outflow Cell 2 Outflow Cell 3 Outflow  
TN 5.63 ( 2.11, 16) 4.21 ( 4.83, 15) 1.77 ( 0.94, 16) 3.05 ( 2.34, 16) 
NH4+-N 0.49 ( 0.47, 16) 0.04 ( 0.03, 15) 0.23 ( 0.20, 16) 0.77 ( 0.64, 16) 
NO2 -+NO3 --N 0.73 ( 0.53, 16) 2.79 ( 2.34, 15) 0.74 ( 0.87, 16) 1.22 ( 1.59, 16) 
TP 2.00 ( 0.57, 16) 0.06 ( 0.03, 15) 0.09 ( 0.04, 16) 0.13 ( 0.05, 16) 
SRP 1.34 ( 0.52, 12) 0.03 ( 0.03, 12) 0.01 ( 0.01, 12) 0.02 ( 0.01, 12) 
 
Table A4: Chapter 2: mean nutrient concentrations in 2019 sampled storm events (corresponding 
standard deviation and sample size, n, in parenthesis). 
Nutrient 
(mg L-1) 
Inflow Cell 1 Outflow Cell 2 Outflow Cell 3 Outflow  
TN 5.28 ( 2.13, 12) 3.41 ( 2.34, 10) 1.90 ( 2.19, 12) 3.61 ( 5.16, 12) 
NH4+-N 0.28 ( 0.19, 12) 0.07 ( 0.12, 10) 0.12 ( 0.10, 12) 0.25 ( 0.19, 12) 
NO2 -+NO3 --N 0.94 ( 0.70, 12) 3.16 ( 2.43, 10) 1.24 ( 2.00, 12) 2.77 ( 5.27, 12) 
TP 1.60 ( 0.33, 12) 0.18 ( 0.05, 10) 0.11 ( 0.11, 12) 0.12 ( 0.11, 12) 







Table A5: Chapter 3: average of all event mean concentrations (EMC) in 2018 sampled storm events 
(corresponding standard deviation and sample size in parenthesis), and percent concentration reductions for each 
part of the system (i.e., pre-treatment tanks with MBBR, WB & EB) compared to System Inflow. 
 
   Average of EMCs 
 














 mg L-1  % 
TN 
84.49  





( 9.38, 14) 
41.7  
( 18.4, 20) 
 
-95.9 70 50.6 
NH4+-N 
29.41  





( 7.65, 14) 
27.04  
( 12.91, 20) 
 
-102.9 11.7 -54.2 
NO2 -+NO3 --N 
0.11  
( 0.16, 22) 
0.17  
( 0.31, 21) 
0.06  
( 0.08, 14) 
0.05  
( 0.11, 20) 
 
-543.41 -183.1 -138.6 
TP 
29.25  
( 10.99, 22) 
25.4  
( 7.34, 21) 
14.61  
( 5.99, 14) 
20.32  
( 5.81, 20) 
 
-8.18 29.7 11.2 
SRP 
19.29  
( 15.67, 16) 
18.47  
( 5.4, 15) 
11.7  
( 5.1, 11) 
17.53  
( 4.23, 17) 
 






Table A6: Chapter 3: average of all event mean concentrations (EMC) in 2019 sampled storm events 
(corresponding standard deviation and sample size in parenthesis), and percent concentration reductions for each 














 Average of EMCs 
 














 mg L-1  % 
TN 
62.8  
( 35.94, 16) 
47.92 
( 12.94, 15) 
23.79  
( 13.57, 16) 
45.39 
( 25.24, 16) 
 
0.68 55.0 15.6 
NH4+-N 
10.47  
( 7.02, 16) 
23.81  
( 11.26, 15) 
12.97  
( 13.59, 16) 
31.55 
( 25.62, 16) 
 
-187.3 -18.6 -206.0 
NO2 -+NO3 --N 
0.17  
( 0.31, 16) 
1.66  
( 2.88, 15) 
0.04  
( 0.03, 16) 
0.04 
( 0.02, 16) 
 
-1668.2 39.4 28.1 
TP 
18.53  
( 7.85, 15) 
17.95  
( 4.13, 12) 
13.28  
( 3.47, 15) 
16.49 
( 5.89, 14) 
 
13.5 23.4 8.5 
SRP 
14.47  
( 5.77, 16) 
14.97  
( 3.3, 14) 
10.98  
( 3.04, 16) 
13.26 
( 4.49, 16) 
 
23.3 15.9 -2.75 
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APPENDIX TWO: CHLORIDE TRACER EXPERIMENT FOR CHAPTER 
THREE  
A chloride (Cl) conservative tracer experiment was conducted for the silage runoff 
treatment system from 10/6/19 through 10/23/19. The purpose of this tracer test was to 
evaluate the system in between storm events to investigate if any N transformations occur 
while there is no flow through the system. On 10/6/19, a well-mixed concentrated solution 
of road salt, containing a mix of sodium chloride, calcium chloride, and magnesium 
chloride, in two 5-L buckets was added to Tank 1 prior to a storm event. Grab samples 
were taken from nine locations throughout the treatment system every 2-3 days: 10/6, 10/9, 
10/12, 10/16, 10/18, 10/22, 10/23. Storm events occurred on 10/7, 10/16-17, and 10/22. 
Samples were analyzed for concentrations of Cl and TN using standard methods. Figure 
A1 shows the TN/Cl ratio of samples taken from just the tanks, Figure A2 shows the ratios 











Figure A2: Ratio between TN and Cl concentrations from each both bioreactors at 1ft and 3 ft 




Figure A3: Ratio between TN and Cl concentrations from all sampling locations measured on nine 
days. 
 If removal of N via denitrification occurs between storm events, the TN/Cl ratio 
would decrease between a sample date that occurred following a storm event and a sample 
date prior to the next storm event. Between the 10/9 sampling date and 10/16 sampling 
date, as well as between 10/18 and 10/22 sampling dates, results from all sampling 
locations show that ratios remained constant (Figure A3). This indicates a lack of 
denitrification occurring between storms during the time period of this experiment. Further 
investigation should occur including additional storm events, frequent sampling of the 
system, and earlier in the growing season when microbes are more active due to warmer 
temperatures. Additionally, calculated HRT (based on storage volumes) versus actual HRT 
using Cl concentrations could be compared. 
 
 
